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Abstract
Collagen plays an important role in many biological tissues, including skin, which, once dried 
and treated, forms parchment and leather. The structural alterations that occur in collagenous 
materials due to X-ray radiation damage, fluctuation of relative humidity, and mechanical 
deformation (with a special focus on historical parchment) are the focus of this thesis.
The primary aim of this thesis is to investigate major structural changes to collagen within 
parchment when exposed to inappropriate levels of relative humidity during conservation 
treatments, and cyclic-humidity during long-term storage in archives, museums and libraries. 
This study led to the discovery that each parchment sample reacted to the application and 
removal of moisture in a different way, indicating the fundamental need to treat individual 
parchment documents as in-homogeneous materials.
This thesis investigates the changes that fibrillar collagen undergoes and describes the 
creation of computational models capable of reproducing the X-ray diffraction patterns for 
collagen. Previous structural models have been created that sufficiently account for native 
collagen, however, models created as part of this thesis succeed where previous models have 
failed in explaining the X-ray diffraction patterns collected from damaged collagen.
This study provided the opportunity to contribute towards a large-scale international 
collaborative project on the hugely important historical resource, the Domesday Book.
X-ray diffraction was used to provide unprecedented analysis of Domesday Book samples, 
providing a structural survey at a molecular level. This analysis produced the conclusion that 
the majority of samples displayed the presence of collagen axial structure, and were generally 
of a degraded state as a consequence o f the method used to source them; the samples were 
scrapings from the surface, which was less intact than the bulk of the parchment.
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Thesis Outline
Chapter 1 introduces the objectives o f the study, including relevant background information 
on collagen, skin and parchment. Chapter 2 provides an overview of the techniques used in 
this thesis; X-ray diffraction and molecular modelling. The methods of data collection in this 
thesis are described in depth in Chapter 3.
X-ray diffraction is used in Chapter 4 to establish a better understanding of alterations in the 
hierarchical structure of dry, hydrated and air-dried parchment. Chapter 5 details an 
investigation into the effect o f relative humidity on the structural integrity o f parchment, 
ultimately providing a basis for improved conservation techniques and storage of documents. 
Changes to the fibrillar structure o f collagen are observed using X-ray diffraction when 
collagen has undergone deformation due to external factors such as drying, X-ray irradiation 
and mechanical damage. Chapter 6 uses computer-aided model simulations to fit the low 
angle component o f the experimental X-ray fibre diagrams after specific deformations, to the 
various changes in the fibrillar structure of collagen that could account for such observed 
changes. In Chapter 7, X-ray diffraction is used as a technique to investigate the structural 
integrity o f the culturally and historically valuable document, the Domesday Book. Chapter 
8 summarises and evaluates the results of the study and discusses the scope for further 
research in this field.
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Symbols and Abbreviations
CCD Charge-coupled device
CRL Compound refractive lenses
ECM Extra-Cellular Matrix
EM Electron Microscopy
ESRF European Synchrotron Radiation Facility
GAG Glycosaminoglycan
FTIR Fourier Transform Infrared Spectroscopy
FWHM Full Width Half Maximum
OCT Optical Coherence Tomography
RH Relative Humidity
RTT Rat Tail Tendon
SAXS Small-angle X-ray Diffraction
SRS Synchrotron Radiation Source
TEM Transmission Electron Microscopy
WAXS Wide-angle X-ray Diffraction
XRD X-ray Diffraction
XPCS X-ray photon correlation spectroscopy
X Wavelength
D Repeating unit of collagen molecule (e.g. 67nm)
d Lattice plane spacing
q Scattering Vector
nm nanometers (1 x 10‘9meters)
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Chapter 1: Collagen and its role in Parchment
1.1 Aims and Objectives of Study
Parchment is a collagen-based writing material made from processed, untanned animal skins, 
mainly calf, sheep or goat (Larsen, 2002). Parchment has been used as a writing material for 
many centuries and is still used today. Many well known historical documents have been 
recorded on parchment, the earliest surviving being the Dead Sea Scrolls dating from around 
250BC to AD68 (Burton, Poole and Reed, 1959; Larsen, 2002). Other notable examples 
include the Domesday Book and the Magna Carta (Forde, 1986; Bell and McPhail, 2007). 
Images of these documents are shown in Figure 1.1.
Figure 1.1: Notable examples of documents written on parchment, clockwise from top 
left, the Dead Sea Scrolls, the M agna Carta and the Domesday Book.
Parchment is dried treated skin and as with many complex biomaterials over time it can 
degrade; a process that can be further accelerated by a range of factors, including
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inappropriate temperature levels, mechanical damage and radiation damage from ultra-violet 
(UV) light. One key environmental effect causing severe damage to archival collections is 
variation in relative humidity (Larsen, 2002; Kite and Thomson, 2006). The introduction of 
moisture has been known for decades to have a detrimental effect on parchment, but 
advances in scientific techniques have allowed us to become more adept at identifying 
degradation (Reed, 1973; Labaki, Torriani and Grigera, 1991; Hansen, Lee and Sobel, 1992; 
Wess and Orgel, 2000; Larsen, 2002). These advances mean that science has begun to play a 
crucial part in furthering our understanding of collagen structure and the long-term survival 
of parchment.
The aim of this thesis is to investigate major structural changes to collagen within parchment 
when exposed to inappropriate levels o f relative humidity during conservation treatments and 
storage in archives, museums and libraries. In this work, two main techniques will be utilised 
in the investigations of collagen structure within parchment; X-ray diffraction analysis and 
molecular modelling. These two methods complement each other and when combined help 
in understanding the hydration dependent variations in collagen at the molecular level. This 
project studies the molecular changes in parchment at a variety of relative humidity levels, 
facilitating a more sophisticated analysis for the structure of dry collagen. The overall aim of 
this work is to develop and enhance current knowledge of the relationship between 
parchment, collagen and water in terms of the hydration state, ultimately improving current 
conservation practice.
Parchment is composed of the structural protein collagen. It is therefore important to have an 
understanding of the chemical and physical properties of skin and collagen when analysing 
historical parchment. This chapter introduces the structure of skin, the structural hierarchy of 
collagen and the manufacture o f parchment.
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1.2 Introduction to Skin, Collagen and Parchment
1.2.1 Structure
Skin is the largest organ of the body, its primary function is as a tough physical barrier 
(Monteiro-Riviere et al., 1997; MacNeil, 2007). Skin is comprised of three layers; the 
epidermis, the collagen-rich dermis layer and the subcutaneous tissue (flesh layer) (Whitton 
and Everall, 1973). These layers are illustrated in Figure 1.2, which shows a cross-section of 
mammalian skin. The total thickness of the skin, fibre size and weave of collagen fibres is 
found to be significantly diverse and depends on the species, age and sex of the animal 
(Haines, 1999). These inherent properties often lead to the preferred use of specific skins to 
obtain characteristic features in parchments.
Epidermis
L
Stratum Basale 
Stratum Spinosum  
Stratum Granulosum j i  
Startum Corneum
Hair shaft
Sweat gland
Dermis
Basement
membrane
Subcutaneous
layer Capillary
Touch
receptor
Sweat gland 
duct
Figure 1.2: Diagrammatic representation of the structure of skin with the key features 
labeled (MacNeil, 2007). The diagram is not to scale.
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1.2.1.1 The Epidermis Layer
The epidermis layer is the outer surface o f skin, which acts as a barrier against environmental 
damage (Monteiro-Riviere et al., 1997). It comprises four structurally distinct layers; the 
stratum basale, the stratum spinosum , the stratum granulosum and the stratum corneum 
(Whitton and Everall, 1973). The thickness of the epidermis layer is found to vary 
dramatically across the human body depending on body site, age, sex and environmental 
factors (Whitton and Everall, 1973). The average thickness o f the epidermis layer is 40- 
50pm, but can be up to 80pm on the wrists and back of hands, around 400pm on the front of 
the fingers and only 17pm on the face (Whitton and Everall, 1973).
1.2.1.2 The Dermis Layer
Beneath the epidermis lies the collagen-rich dermis layer consisting of two sub layers; the 
papillary dermis (which is closest to the epidermis) and the reticular dermis (Horie, 1990; 
Kennedy and Wess, 2003). The papillary dermis contains thin collagen fibres whereas the 
reticular dermis is made up of thicker collagen fibres together with hair follicles, sweat 
glands, and sebaceous glands (Horie, 1990). The reticular layer of the dermis is responsible 
for providing the strength, structure and elasticity of skin (Hendriksa et al., 2005). The 
collagen fibrils that make up fibres in the papillary and reticular layers are approximately 
50nm to lOOnm in diameter respectively (Kennedy and Wess, 2003). The dermis also 
includes fibroblasts whose role is to synthesise new collagen and elastin. This allows the 
removal of damaged collagen and its replacement with new collagen. It is the dermis layer 
that constitutes the main part of parchment since the epidermis is removed during processing.
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1.2.1.3 The Subcutaneous Tissue
The subcutaneous tissue or the hypodermis is the innermost layer of the skin, which is 
responsible for fat production (Hendriks et al., 2005). The quantity of fat produced varies 
depending on age, species and health o f the animal. Hair follicles and blood vessels cross 
through this layer which separates the skin from the underlying muscle (Haines, 1999). The 
function of the subcutaneous tissue is to act as an insulator, conserving the body's heat, and as 
a shock-absorber, protecting the inner organs and to store energy (Hendriks et al., 2005).
1.3 Introduction to Collagen
Skin and subsequently parchment are both composed largely of the major architectural 
protein collagen, the primary constituent of most connective tissue found in all multicellular 
animals (Bear, 1952). The majority of collagen found in animals is in a fibrillar form where 
it is predominantly found as long, slender, cylindrical-like structures. There are many 
different forms of collagen; to date 29 different collagens have been identified (Kadler et al., 
2007). Different types of collagen have been assigned Roman numerals based on the order of 
their discovery, for example type I, type II and type III (Kadler, 1995). The most abundant 
collagen is type I, which is found predominately in tendon, skin, bone, cornea and the aorta 
(Traub and Piez, 1971). Collagen types can be classified into one of two main classes, fibril 
forming collagen or non-fibril forming collagen. From a biomechanical view point, the fibril 
forming collagen types are o f most interest (Kadler, 1995; Hulmes, 2002). Collagen types I, 
II, III, V, and XI have been identified as fibril forming (Kadler, 1995). The dry weight of 
skin is approximately 40-50% collagen, the bulk of which (approximately 90%) is made up
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of two specific types o f collagen; type I and type III (Epstein and Munderloh, 1978; Light, 
1985). As discussed in the literature the fibril forming collagens can be further classified as 
either purely fibril forming collagen (types I, II and III) or fibril-associated collagens (types 
V, XI) (Burgeson, 1988; van der Rest and Garrone, 1991; Kadler, 1995). Fibril-forming and 
fibril-associated collagens are detailed in Table 1.1.
Collagen
Type
Chain Composition Distribution/remarks
I [al(I)]2a2(I)
Non-cartilaginous connective tissues -  e.g. tendon, 
skin, cornea, ligament, bone
II [al(II)]3 Cartilage, vitreous humour and nucleus pulposus
III [al (III)]3
Co-distributes with collagen I, especially in 
embryonic skin
V al(V),a2(V),a3(V)
Co-distributes with collagen I, especially in 
embryonic tissues and in cornea
XI a l (XI),a2(XI),a3(XI)
Co-distributes with collagen II, cartilage, vitreous 
body
Table 1.1: Details of the fibril forming collagens; Types I, II, III, V and XI (Kadler,
1995; Kadler et al., 2007).
This thesis will concentrate on the structural behaviour of fibrillar type I collagen, which is 
the primary constituent of parchment. The term collagen will therefore be used throughout 
this thesis, which will refer to type I collagen unless otherwise specified.
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1.3.1 Collagen Hierarchical Structure
Collagen has a complex structural hierarchy, over a wide length scale. Collagen within skin 
is fibrous, with an interwoven organization of fibres with diameters of a few hundred
and cornea. The fibres are comprised of fibrils; these are discrete structures with 
characteristic banded patterns on staining and electron microscopy (EM) along their axis, 
which in turn are comprised of several thousand collagen molecules, themselves composed of 
individual peptide chains that constitute a molecular rope like structure. The alignment of 
collagen fibres is an important factor in the overall mechanical characteristics and behaviour 
of a tissue (Fratzl et al., 1998). The hierarchical structure of collagen is represented in Figure
Figure 1.3: Illustration of the collagen hierarchy. From left to right, shows a
micrograph of skin, demonstrates fibril packing within a fibre, illustrates microfibril 
packing, shows a collagen triple helix and the helical rise per residue. Diagram is for 
dry skin and is not to scale.
microns; this structure defines the biomechanical properties of tissues such as skin, tendon
1.3.
Fibril p ack in g  Microfibril pack in g C o llagen  triple h elix  H elica l rise per
resid u e
Fibril diameter ■■ ■■
~100nm I 1 ! I I  | x
M ictograph of skin
D-period
65nm
Interfibrillar spacing 
~120nm Intermolecular spacing 
~1.2nm
Helical rise 
per residue 
0.278nm
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1.3.1.1 Collagen Fibres
Collagen fibres are composed of between 50 and 100 ordered, tightly packed, approximately 
cylindrical fibrils the latter having a diameter ranging from lOnm to 500nm (Traub, 1978). In 
skin, collagen fibres are usually found to be randomly orientated as a feltwork in the plane of 
the skin surface. In collagen-based tissues such as tendon, the fibres are found to be 
preferentially aligned with the direction of muscular contraction so that force is transmitted to 
the articulation o f bone (Hansen et al., 1992). The fibre alignment in tendon confers 
resistance to strain in one direction along the fibre axis, whereas in skin the ‘feltwork’ 
accommodates resistance within a lateral plane, in all directions (Provenzano et al., 2002; 
Kennedy et al., 2003). Such properties are commensurate with the properties required for 
such tissues. Skin must act as an effective barrier that is resistive to tear and puncture, where 
tendon must transfer the force o f a contracting muscle to bone. Figure 1.4 shows the collagen 
fibres from tendon and parchment, as shown by Scanning Electron Microscopy and 
demonstrates the orientation o f collagen fibres for tendon and skin.
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Figure 1.4: Collagen fibres from (A) tendon and (B) parchment, as shown by Scanning 
Electron Microscopy (Provenzano et al., 2002; Kennedy and Wess, 2003). 
Diagrammatic representation showing the orientation of collagen fibres. (C) Tendon, 
which has a preferred orientation. (D) Skin, which is randomly orientated, within the 
plane of the tissue.
1.3.1.2 Collagen Fibrillar Structure
By mass, most of the collagen found in animals is in a fibrillar form as long slender 
cylindrical structures with tapered ends. Fibrils have a thickness in the range of 50 to a few 
hundred nanometers (Fratzl, 2008). The collagen molecules that comprise the fibrils are 
typically 300nm in length and 1.5nm in diameter, as shown in Figure 1.3 (Brodsky, 
Eikenberry and Cassidy, 1980; Stinson and Sweeny, 1980; Menon, 2002). The collagen
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molecules within a fibril associate with an axial disposition revealing a repeating structural 
unit (of length D) which is the D-period or the axial periodicity evidenced in electron 
microscopy as a strong banding pattern upon staining. The 300nm long collagen molecules 
are staggered axially relative to their nearest neighbours by multiples of a quarter of their 
length, D ~ 65nm in skin and D ~ 67nm in tendon (Hodge and Petruska, 1963). This 
arrangement is described as the ‘quarter stagger model’ and was developed by Hodge and 
Petruska (Hodge and Petruska, 1963; Orgel, Wess and Miller, 2000; Quantock, Meek and 
Chakravarti, 2001). This arrangement accounts for gap and overlap regions of alternating 
density to arise along the fibril axis due to the fact that the molecular length of collagen is not 
an integer multiple of the periodicity (Quantock, Meek and Chakravarti, 2001). The gap 
region comprises 0.54 of D, and the overlap subsequently comprises 0.46 of D (Meek, 
Chapman and Hardcastle, 1979). Figure 1.5 illustrates the ‘quarter stagger model’ developed 
by Hodge and Petruska where the gap and overlap regions are shown.
Overlap
Figure 1.5: Illustration of the axially staggered arrangem ent of collagen molecules
within a fibril. The collagen molecules are represented as blocks. The collagen 
molecules comprise a repeating structural unit (of length D) which is the D-period or 
the axial periodicity. This repeating unit forms the characteristic gap and overlap 
features.
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These gap and overlap regions result in fluctuations in the electron density causing a regular 
banding pattern at intervals of D which is observable by Transmission Electron Microscopy 
(TEM) of negatively stained collagen (Kadler et al., 1996b). An electron micrograph of 
native collagen has a banding pattern, which corresponds to regions of high and low electron 
density where the stain remains and fills the regions of low density more than regions of high 
density. Figure 1.6 is a graphical representation of the staggering of collagen molecules with 
a periodicity of D, the resultant projected step function for the structure and a Transmission 
Electron Microscopy (TEM) image of collagen exhibiting characteristic banding.
Hodge - Petruska 
quarter-stagger model
Projected Step 
Function
TEM image 
of collagen
Figure 1.6: G raphical representation of the staggering of collagen molecules with a 
periodicity of D, the resultant projected step function for the structure and a 
Transmission Electron Microscopy image of collagen showing the characteristic 
banding, which corresponds to regions of high and low electron density where the stain 
remains and fills the regions of low density more than regions of high density (Traub, 
1978).
Overlap Gap
29
1.3.2 Collagen Triple
Type I collagen is a heteropolymer comprising three polypeptide chains (alpha peptide chains 
of two gene products a l  and a2). These alpha-chains combine with the stoichiometry (a l, 
a2, a l)  as left-handed helices, and are coiled to give a right-handed superhelix, which 
contains approximately 1,000 amino acids per polypeptide chain. A triple helix of collagen 
and the constituents of the polypeptide chains are shown in Figure 1.7.
Glycine
Hydroxyproline
Proline 
Alanine
—  Hydroxyproline 
Proline
(A) (B)
Figure 1.7: (A) Collagen triple helix; B) Collagen polypeptide chain with the [Gly-X-Y| 
repeating unit. The individual strands have a left handed helical nature which is 
concatenated to form a right handed suprahelical as individual strands wound around 
each other, such hierarchical changes in helical handedness stabilise rope like structures 
from unwinding.
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This characteristic conformation provides the collagen molecule with its strength and 
stability. The three a-chains are largely constituted from the canonical sequence of Gly-Pro- 
Y or Gly-X-Hyp where X and Y are various other amino acid residues (Haines, 1999). The 
side chain of glycine, -a hydrogen atom-, is the only amino acid that can be accommodated in 
the centre of a triple helix (Lodish et al., 2000). Hydrogen bonds linking the peptide bond 
NH of a glycine residue with a peptide carbonyl (C = 0) group in an adjacent polypeptide help 
hold the three chains together. The fixed angle of the C -N  peptidyl-proline or peptidyl- 
hydroxyproline bond enables each polypeptide chain to fold into a helix with a geometry such 
that three polypeptide chains can twist together to form a right handed triple helix (Orgel et 
al., 2000).
1.3,3 Telopeptides
The N-terminal and C-terminal sequences o f the collagen molecule do not conform to the 
typical collagen triple amino acid repeat, and comprise about 2% of the molecule (Hulmes et 
al., 1980). Deviations from the standard Gly-X-Y repeating structure ensures that the 
collagen structure in these regions is significantly different, presumably due to the 
connectivity required between collagen molecules to give hierarchical strength to fibrils 
(Kadler et al., 1996a). Specific residues in these non-helical terminal regions are covalently 
bonded to the helical segment o f an adjacent collagen molecule. As well as the major cross- 
linking between neighbouring collagen molecules, cross-linking also occurs between amino 
acid chains within a triple helix adding further stability to the assemblies (Malone and Veis, 
2004). The amino (N-terminal) and carboxyl (C-terminal) telopeptides of type I collagen 
play crucial roles in the assembly o f collagen fibrils, regulating the axial alignment of the 
molecules within a fibril, orientation of neighbouring molecules, and cross-link formation
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(Hulmes et al., 1980). Hulmes et al. (1980) showed that the apparent distance between amino 
acid residues along the fibril axis is shorter in the telopeptides than in the main triple helix. 
They showed an average axial rise per residue of 0.286nm in the main triple helix, 0.24lnm 
in the N-terminal telopeptide, and 0.2nm in the C-terminal telopeptide (Hulmes et al., 1980; 
Orgel et al., 2000). Later studies pointed to the C terminal telopeptide being arranged in a 
folded conformation while the N terminal telopeptide adopts a structure that appears to be 
contracted in terms of the average distance between residues when compared to the triple 
helix (Prockop and Fertala, 1998; Orgel et al., 2000).
1.3.4 Intermolecular Covalent Cross-linking
The strength and stabilisation of collagen fibrils is achieved with the formation of covalent 
cross-links, at specific points on the collagen molecules (Kjellen and Lindahl, 1991). Type I 
collagen has four specific cross-linking locations, two of which are in the telopeptide region 
and two in the helical region. The telopeptide region of one collagen molecule is covalently 
linked to the helical region of its neighbouring collagen molecule. The linkage is through 
lysine based crosslinks that form spontaneously after the action of lysyl oxidase (a 
deaminase) on specific lysine chains (Nagan and Kagan, 1994). The formation of an initial 
Schiff base is then modulated by a complex maturation process. The spatial distribution of 
the linkage is demonstrated in Figure 1.8.
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NFigure 1.8: Intermolecular covalent cross-links between neighbouring collagen
molecules. The non-helical regions (telopeptides) are bound to the helical region of its 
neighbouring collagen molecules. Such interactions reinforce the stability of the 
quarter staggered structure.
1.3.5 Collagen-Proteoglycan Interactions
Proteoglycans play a fundamental role in the biomechanical properties of the extra-cellular 
matrices (ECM). They are essential connecting elements that help to order the hierarchical 
suprafibrillar structure of the extracellular matrix. They consist of a linear protein backbone 
with one or more covalently attached glycosaminoglycan (GAG) chains (Scott et al., 1997). 
Studies have shown that the protein cores of some proteoglycans bind to the GAG chains 
and the collagen molecules at four sites per D-period, illustrated in Figure 1.9 (Kjellen and 
Lindahl, 1991).
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Collagen fibril
Protein core of 
the proteoglycans
Branched GAG chains
Figure 1.9: Simplistic illustration of the formation of a proteoglycan matrix where the 
protein cores of the proteoglycans bind to the GAG chains and the collagen molecules at 
four sites per D-period.
GAG chains are comprised of repeating disaccharides containing hexosamines and hexuronic 
acids (Scott, Orford and Hughes, 1981). Proteoglycans are therefore water soluble 
carbohydrate-rich polyanions, which play a role in fibril formation and growth by coating 
fibrils and supporting suprafibrillar networks (Choi et al., 1989). One suggested role is the 
assistance in the determination of the distance between collagen fibrils (the interfibrillar 
spacing). The specific principle glycosaminoglycan associated with type I collagen is 
composed of dermatan sulphate which is distributed on the surface of collagen fibrils in the 
skin (Scott and Haigh, 1985). Dermatan sulphate forms filamentous networks that are 
arranged orthogonally to the fibril axis and is believed to play a key part in prevention of 
calcification of soft tissues such as skin (Bella, Brodsky and Berman, 1995).
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1.3,6 Collagen Water Interactions
The interaction o f water with collagen (more specifically the hydration o f collagen) is 
recognised as playing a vital role in the formation and stabilization of the collagen structure 
in vivo (Lees, 1986; Price, Lees and Kirschner, 1997). The in vivo collagen structure 
consists of approximately 50% water with subsets of water populations that 1) surround 
individual triple helices, 2) fill the gap zone in the hydrated state and 3) surround the fibrils 
(Labaki et al., 1991). Water may be bound to the collagen molecule, or unbound with layers 
of “free” molecules (Mogilner, Ruderman and Grigera, 2002). The triple helix of collagen is 
held together, in part, by the formation o f water bridges which act as a stabilising factor in 
holding the three helical a-chains together (Bella et al., 1995). It was suggested by Bella et 
al. (1995) that oxygen atoms o f water were linked to the peptide chain by water bridges 
(Bella et al., 1995; Mogilner et al., 2002; Fullerton and Amurao, 2006). The water molecules 
bind to collagen through hydrogen bonds forming a cylindrical lattice-like structure around 
collagen (Bella et al., 1995). Three water shells, as shown in Figure 1.10 surround the 
collagen triple helix. The first level hydration shell (b) contains water molecules that are 
hydrogen bonded to amino acid groups of the triple helix. The second level hydration shell 
(c) contains water molecules that are connected by hydrogen bonds to the water molecules in 
the first shell. The third and final outer hydration shell (d) includes water molecules that are 
bonded to the inner second shell (Bella et al., 1995).
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Figure 1.10: Representation of the three water shells surrounding the collagen triple 
helix, taken from Bella et. al. (1995). (a) The triple helix; where the three peptide chains 
are shown in different colours, (b) The first shell of w ater molecules hydrogen bonded 
to carbonyl, hydroxyl or amide groups on the peptide surface, (c) The second shell of 
w ater molecules are hydrogen bonded to those in the first shell, (d) The third shell of 
w ater molecules that allow almost complete coverage of the collagen (Gly, Pro, Hyp) 
helix.
Many studies on the hydration o f collagen have shown that the presence o f water is essential 
in maintaining the overall native structure of collagen and the absence of water is known to 
cause many structural changes in the arrangement of collagen.
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1.3.7 Structure o f  Collagen on Drying
The majority of studies conducted on collagen have been carried out on the native hydrated 
state, with very few investigations completed on dry collagen. Understanding the structural 
changes within the hierarchy o f collagen on drying is however vital when investigating 
parchment. The drying of collagen causes large structural changes to occur at a molecular 
level, these manifest themselves mainly as a shortening in the D-period (Stinson and Sweeny, 
1980; Wess and Orgel, 2000). In rat-tail tendon (a more studied type I collagen tissue) the D- 
period is reduced from 67nm to approximately 65nm (Wess and Orgel, 2000). It was 
reported that this shortening in the D-period was not entirely dependent on the pitch 
shortening of the collagen helix, (presumably removal of the water populations that surround 
and stabilize the triple helix that could cause the helical structure to alter). A shortening of 
the D period could also arise due to more substantial axial sliding of the collagen molecules 
relative to each other within a fibril (Bear, 1952; Traub and Piez, 1971; Wess and Orgel, 
2000).
X-ray diffraction has been used as a technique to investigate the structure of collagen at a 
variety o f different levels of hydration. Until recently electron microscopy was only able to 
look at collagen fibrils in the dehydrated state. X-ray diffraction is able to provide structural 
information at a range o f different length scales from submicron to hundreds of microns. 
Chapter 2 provides a more detailed description of X-ray diffraction, however it is pertinent to 
highlight some of the features that change in the fibre diagram of collagen are reflective of 
structural changes within fibrils.
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1.3.7.1 Structural Changes to Collagen on Drying Observed by X-ray Diffraction
The X-ray diffraction patterns of collagen in the hydrated and dry states reveal a number of 
differences (although not fully accounted for by defined structural alterations due to a lack of 
suitable models) that indicate significant structural conformations between the two states. 
Structural observations on the drying of collagen show an attenuation in the number of 
meridional reflections in X-ray diffraction patterns from around 140 in the hydrated state to 
less than 40 in the dried state (Wess and Orgel, 2000). Two small-angle X-ray diffraction 
patterns of dry and hydrated rat-tail tendon exhibiting meridional diffraction peaks from the 
9th to the 34th order are shown in Figure 1.11. This reduction in the number of clearly visible 
reflections implies an increase in the disorder of the molecular packing of collagen upon 
drying.
Figure 1.11: Two small-angle meridional X-ray diffraction patterns of collagen taken 
from Wess and Orgel (2000). (a) Dry rat-tail tendon, (b) H ydrated rat-tail tendon. The 
meridional peaks shown are for orders 9 to 34 with the 9th, 20th and 30th orders 
identified.
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In the diffraction pattern from dry collagen, the meridional diffraction orders are distributed 
over a wider arc in azimuth than those in the hydrated state. This “fanning” distributes the 
diffracted intensity over an angle of 20 degrees as opposed to 5 degrees in the hydrated 
fibrils. (Bear, 1951; Wess and Orgel, 2000). On drying, collagen fibrils exhibit increased 
broadening of the X-ray diffraction peaks in the direction perpendicular to the meridian with 
respect to the diffraction angle. In some orders, the meridional reflections are more intense at 
the outer edges of the image than at the fibre axis. Some reflections are split into three or 
more areas of intensity. This phenomenon is observed more easily at the higher orders of X- 
ray diffraction of collagen.
Wess and Orgel (2000) showed that when water was removed from the collagen fibrils the 
periodicity of collagen was reduced and postulated that this could occur due to an increased 
tilting in the collagen chains with respect to the fibre axis (Figure 1.12). They found that the 
distributed meridional reflections deviated from the fibre axis over an angle of 21.4°±2.0°. It 
was proposed that this tilting effect may be more prominent in gap regions since there would 
be a significant loss of water in this region upon drying as opposed to the overlap regions. It 
was suggested that tilting in the gap region in combination with possible breaking of the 
chains might result in the axially projected D-period becoming shorter as seen in historic 
parchment and dried collagen fibrils; this is illustrated in Figure 1.12.
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Hydrated
Collagen
D=67nm
Air-dried
Collagen
D~64.7nm
Historical 
Parchm ent
D~63nm
Overlap Gap Overlap Gap Overlap Gap
Figure 1.12: Illustration of the D periodic staggers in hydrated collagen, air-dried
collagen and parchment, the approximate D period values are shown. Both air dried 
collagen and historical parchment have shorter periodicities which results from tilting 
of molecular chains in the gap regions and breaking of the amino acid chains (Kite and 
Thomson, 2006). Figure adapted from Wess and Orgel (2000).
This is one possible explanation for the structural changes that occur in parchment although 
they have never been fully investigated. The mechanisms by which parchment structure 
changes during hydration and drying has yet to be sufficiently explained.
1.4 The Structure of Parchment
Parchment is comprised of the architectural protein collagen that is organised into fibrils, 
which are in turn grouped into bundles or fibres. The production of parchment involves the 
abstraction of the dermis layer, identified in Figures 1.2 and 1.13, and often the removal of 
the epidermis using chemical treatments (Haines, 1999). The two sides of parchment; the 
grain layer and the flesh layer are identified in Figure 1.13. The grain layer refers to the outer
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surface of the dermis that contains the hair follicles and sweat glands and the flesh layer 
refers to the inner surface of the dermis that separates the skin from the underlying muscles 
(Smit and Porck, 1995; Kennedy et al., 2004b). The corium (or flesh layer), is part of the 
dermis layer that contains collagen fibrils grouped into a ‘feltwork’ of interweaving bundles 
(Kite and Thomson, 2006). The largest fibre bundles in the skin can be found in the corium 
(fibres are approximately 0.1 nm in diameter). These become finer towards the grain surface 
(Kite and Thomson, 2006). The innermost layer of the skin is the flesh layer where fibre 
bundles are reorganized into a horizontal arrangement.
Dermis
EpidermisLayer removed
■Grain layer
■Flesh layer
Layer removed
Subcutaneous
layer
Figure 1.13: A schematic representation of a cross-section of skin, where the grain and 
flesh layers of the dermis layer are highlighted. The epidermis and subcutaneous layer 
are removed during the m anufacture of parchment.
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1,4.1 Parchment Manufacture
The production of parchment has remained relatively unchanged over the centuries with the 
same essential steps still conducted today. The main objective when producing parchment is 
to create a smooth, high contrast and adsorptive writing surface (Reed, 1973; Maxwell, Wess 
and Kennedy, 2006). To make parchment more aesthetically pleasing a number of treatments 
were used, including the addition o f powders and pastes of calcium compounds to remove 
oils and the application of lime, egg and milk to create a smooth white surface (Haines, 1999; 
Maxwell et al., 2006). Although these treatments created a more aesthetically pleasing 
material these actions often unintentionally initiated or accelerated degradation of the 
parchment. It has been shown in previous studies that both the manufacture of parchment 
and the additional conditioning treatments can cause degradation (Smit and Porck, 1995; 
Kennedy and Wess, 2003).
The first stage in the processing of animal skin to form parchment is the removal or flaying of 
the skin from the animal (Ryder, 1958; Haines, 1999). Once removed, the skin is soaked in 
cold water for up to 48 hours, during which re-hydration and cleaning occurs (Kite and 
Thomson, 2006). The next phase in the process is to cover the wet untanned animal skins in 
a lime solution to loosen the hair and the epidermis layer. The hair follicles, epidermis and 
flesh layer are scraped from the skin using a curved knife (Ryder, 1960; Woods, 1995). After 
chemical treatment, the wet skins are air dried under tension on wooden frames allowing for 
the extraction o f water from between the fibres within the skin. It is important that the 
correct level of tension is applied to prevent the fibres being drawn together once the water is 
removed. Removing the water from between the fibres causes the skin to dry as a flexible, 
opaque material (Kennedy and Wess, 2003; Maxwell et al., 2006). The final step is to split 
the skin between the grain layer and the corium, leaving a uniformly thick parchment without
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a glossed surface. The behaviour o f parchment in the presence of water during preparation is 
indicative of their important relationship in subsequent conservation.
The parchment preparation process removes proteoglycans leaving just the insoluble protein 
and water molecules (Larsen, 2002; Kennedy et al., 2004b; Abil, 2005; Gora et al., 2006; 
Lee, Mahon and Creagh, 2006; Gonzalez and Wess, 2008a).
New and already established technologies have been used and proposed over the recent years 
for the interrogation and extraction of data from parchment including X-ray diffraction 
(XRD), Fourier transform infra-red (FT-IR), nuclear magnetic resonance (NMR), Raman 
spectroscopy and optical coherence tomography (OCT) (Kennedy et al., 2004c). These 
methods have proved useful in understanding the structure of parchment as well as 
monitoring possible degradation.
1,4,2 Degradation o f  Parchment
Over time parchment degrades which is evidenced by changes in the physical properties 
leading to fragility. This process can be further accelerated by a range of factors, including 
temperature, humidity, mechanical damage, radiation damage and bacterial/fungal growth 
(Quandt, 1996). All o f these agents are capable of altering the chemistry of the collagen 
molecule which destabilizes the native conformation. These factors cause degradation by the 
process of gelatinisation, and gelatine is frequently found in older parchments. Gelatinisation 
occurs when the triple helix o f collagen molecules unravels to form a random coil. The 
deterioration of collagen into a gelatine-like state generally leads to irreversible damage. The 
process of gelatinisation is shown in Figure 1.14. The presence of gelatine is likely to be 
incompatible with the presence o f fibrillar collagen since the latter requires a compact 
collagen conformation. This therefore presents a major challenge to the maintenance of
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recorded history of the Western world.
Collagen Gelatin
Figure 1.14: An illustration of the process of gelatinisation where the triple helix of
collagen molecules unravels to form a random coil.
This degradation has created a critical need to conserve parchment to prevent unnecessary 
damage. Parchment is highly hygroscopic; therefore environmental conditions such as
have a major detrimental effect on parchment collections are hydration/drying and 
inappropriate levels of relative humidity.
1.4.2.1 Hydration Damage to Parchment
There are three main factors where hydration can give cause for concern in the survival of 
parchment. 1) The misuse o f rehydration strategies to alter the appearance of a document, 2) 
long term storage at ‘inappropriate’ relative humidity levels or fluctuation of humidity and 3) 
accidental damage of parchment through events such as flooding. Although the third factor 
has to be mitigated for in a different way in terms of disaster management, the first two
relative humidity must be kept under control. By observation, two external factors known to
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factors are considered here.
In parchment characteristic creasing and pleating of the pages can develop as the books are 
repeatedly opened and closed during use. Repairing these folds and wrinkles is generally 
desirable for presentation and is achieved by increasing the moisture content, although 
wetting parchment can cause damage, it is sometimes unavoidable (Quandt, 1996; Kite and 
Thomson, 2006).
The most traditional smoothing system is the use of stretchers, which pull out the parchment 
through the action of clamps attached to the edges. The advantage of this system, which is 
still used today, is that the parchment may be moistened locally using water. Another 
solution for the removal of creases is pressing the document between blotters after 
dampening. This system is only effective with parchments that are not too creased as deep 
wrinkles may worsen and become folds (Haines, 1999). Although conservators use these 
techniques to remove unwanted folds and creases, very little is known as to what is 
happening to the parchment structure during hydration and drying.
When hydrated skin is allowed to air dry the water that exists between the fibres migrates to 
the surface of the parchment and evaporates (Hingley, 2001). It is proposed that the loss of 
this water causes the fibres to collapse onto each other. It is these large structural changes 
that make repairing water damage to parchment extremely difficult and time consuming 
(Hansen et al., 1992; Bowden and Brimblecombe, 1999). One of the major effects of water 
damage is the distortion and rippling of the parchment. Humidification is the main technique 
used to correct for this surface distortion.
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1.4.2.2 Relative Humidity Damage to Parchment
Relative humidity (RH) is used to describe the amount of water vapour that exists in a 
gaseous air-water mixture and therefore is a critical descriptor in the interaction between 
parchment and atmospheric water. The relative humidity of an air-water mixture is defined 
as the ratio o f the partial pressure of water vapour in the mixture to the saturated vapour 
pressure of water at a prescribed temperature. Relative humidity is normally expressed as a 
percentage and is defined by Equation 1.1 where RH is the relative humidity of the mixture, 
p(H2 0 ) is the pressure of water vapour in the mixture and p*(H2 0 ) is the saturated vapour 
pressure o f water at the temperature of the mixture.
RH = x 100% Equation 1.1
p * ( H 2o )
Variation in relative humidity and water content are serious parameters that affect the 
structural integrity of archival documents during both conservation treatments and storage. 
At present, our understanding of how relative humidity misuse affects the structural integrity 
of historical parchment is limited. In an overly dry environment, parchment will relinquish 
moisture, causing it to dry out, split and warp. Bowden and Brimblecombe (1999) reported 
that when parchment is subjected to high relative humidity conditions a significant mass of 
water is absorbed, causing the parchment to swell possibly leading to rippling and often 
irreversible distortion of the parchment (Bowden and Brimblecombe, 1999). It has been 
reported that when parchment is subjected to a change in the RH, unbound water is either 
lost, which causes an endothermic heat transfer, or gained, resulting in an exothermic heat 
transfer (Hansen et al., 1992). Hansen et. al. (1992) studied the effects of relative humidity 
on the physical properties of modem vellum; parchment made from the skin of young or 
unborn calves (Hansen et al., 1992). They found that variations in the relative humidity
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caused the parchment to swell and shrink producing internal strain which eventually results in 
irreversible damage as judged by mechanical testing. It was noted that a relative humidity 
value lower than 25% increases the stress induced into the parchment while humidities above 
40% increase the process of gelatinisation and allows biological growth (Hansen et al., 1992; 
Bowden and Brimblecombe, 1999).
Sound housekeeping, in particular the control of environmental factors, plays an essential role 
in preventing damage to parchment and is therefore an important part of conservation. Cyclic 
humidity changes of a more restricted nature are typical of the air changes frequently 
encountered in true library conditions, this causes the parchment to expand and contract 
causing internal strain, which in some instances can cause irreversible damage. The current 
recommendations for the storage and display of parchment are in the region o f 50% RH to 
65% RH but no clear optimal value has been produced (Hansen et al., 1992). One study 
advises a humidity range from 50% RH to 65% RH (Kite and Thomson, 2006), while others 
suggest a value between 45%RH and 60%RH (Peters, 1996). Moreover, this standard covers 
all organic materials, and no current empirical data is available on the effects of relative 
humidity of parchment. Another study suggested that it is preferable to maintain a consistent 
relative humidity value in a range as low as possible under ambient conditions to avoid 
damaging extremes rather than a specific RH value, but no quantitative data was provided to 
support this claim (Peters, 1996).
The overall process can be summarised as, the greater the percentage RH of the environment, 
the higher the moisture content o f the parchment, the faster the deterioration rate of the 
parchment due to gelatinisation, the shorter the life expectancy of the parchment. Therefore, 
a structural study is required to validate and possibly improve current conservation practice 
and storage recommendations for the conservation of historical documents.
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1.4.2.3 Other degradation factors and their effects
External factors that have been shown to induce and accelerate degradation other than the 
already discussed hydration and relative humidity misuse; are inappropriate temperature 
levels, mechanical stress, subjection to radiation and bacterial/fungal growth (Reed, 1973). 
Parchment is extremely sensitive to fluctuations in temperature especially in the presence of 
elevated levels of relative humidity. The response of parchment heated under dry conditions 
is less severe (Reed, 1973). One study found that parchment heated in the absence of 
moisture was able to withstand temperatures of 100°C with no change in colour, dimensions 
or shape of the parchment sample unlike parchment heated in the presence of moisture (Reed, 
1973). Parchment heated in the presence o f moisture was found to accelerate degradation, 
causing possible gelatinisation. The combination of high levels of relative humidity (70%- 
100%RH) and elevated temperatures (>22°C) have been found to be ideal conditions for 
deterioration by bacteria or fungi (Reed, 1973).
Ultraviolet (UV) radiation in daylight and artificial light plays an important role in parchment 
degradation. Parchment is affected by photochemical reactions in which hydrogen peroxide 
is formed. The parchment is broken down in the process of photochemical degradation 
causing gelatinisation of the parchment (Cullity, 1978). This causes the parchment to 
become brittle, fragile and liable to split. However the biomolecular basis for this remains ill 
defined. The most common damage to parchment is that of mechanical damage caused by 
everyday use. Tears on edges and folds are a result of frequent handling. Damage caused by 
wear and tear is mainly macroscopic and does not result in changes in the molecular structure 
of the material. Mechanical damage in the form of tears and breakage can be exacerbated by 
excessive dryness, while excessive dampness can cause deformations and warping. Some 
examples of damaged parchments are shown in Figure 1.15.
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Figure 1.15: (a) parchment stuck together due to w ater damage, (b) w ater and mould 
damage have caused the parchm ent to shrink and discolour, in addition there is 
physical damage to the corner, (c) physico-mechanical damage to parchment 
bookbinding and (d) physico-mechanical damage to leather bookbinding.
1.5 Conclusions
This chapter has provided an insight into the background of parchment and the structural 
protein collagen of which it is comprised. It has been established that very little is known 
about the structural alterations that occur in the molecular packing of the collagen molecules 
within parchment at different levels of relative humidity (RH). In the context of library and 
archive collections, the currently accepted recommendations for the storage and display of
49
parchment is between 50% to 65% RH; however, no clear value has been produced and the 
scientific basis for this level of humidity is not informed from the molecular/fibrillar integrity 
of collagen. Most importantly maintenance of historical collections at specific RH is 
extremely costly in terms of energy consumption and therefore not environmentally friendly 
(therefore relaxation of storage conditions is probably necessary).
This project therefore aims to consider in detail the effects of RH on the molecular/fibrillar 
structure o f collagen within parchment. This will be achieved by:
- Obtaining a more detailed understanding of how water and collagen interacts within 
the preservation and conservation context of historical parchment records.
- Determining the damage caused to historical parchment by inappropriate levels of 
relative humidity particularly during conservation treatments and storage in archives.
This thesis seeks to answer the above aims using a collection of scientific techniques 
including X-ray diffraction (XRD) and computational molecular modelling. The principles 
of X-ray diffraction and molecular modelling will be introduced and the details of the 
materials and methods used within this work will be presented in Chapter 3. The hydrated 
and dry structure of parchment will be investigated in Chapter 4 using X-ray diffraction. 
Chapter 5 will focus on the effect of different levels of relative humidity on parchment. This 
will be a structural study assessing the integrity o f collagen using X-ray diffraction. Chapter 
6 will use results from Chapters 4 and 5 to build computational molecular models to explain 
the structural re-arrangements in X-ray diffraction patterns o f hydrated and dry collagen. 
Chapter 7 will detail an internationally collaborative project on the structural integrity of the 
Domesday Book using X-ray diffraction.
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Chapter 2: The Principles of X-ray Diffraction
2.1 Introduction to X-rays
Since 1895 when W. C. Rontgen discovered X-rays and their ability to be scattered by matter, 
X-ray diffraction has become an essential technique to study the structure of matter at a 
molecular and atomic level. X-rays are electromagnetic waves with a wavelength (X) in the 
range of lOnm to 0.1 nm (approximately 1,000 times shorter than visible light). The 
wavelength o f visible light is in the order of 6.0 x 10'7m, whereas X-rays used in scattering 
and diffraction are approximately 0.2 x 10'11 -  2.5 x 10'10 m (Hukins, 1981; Glatter and 
Kratky, 1982). This chapter describes one of the main techniques that will be used in this 
thesis to investigate the structural changes of collagen; X-ray diffraction. An overview of the 
physics and mathematics of X-ray diffraction is given, however for a more comprehensive 
review, books by Hukins (1981) and Glatter and Kratky (1982) are recommended.
2.2 Interaction of X-rays with Matter
All matter scatters X-rays, but the way in which they interact depends on the type of matter. 
For an ideal gas, where the molecules or atoms are far apart, there are no interactions between 
the molecules. Therefore, the X-rays are only affected significantly by the intra-molecular or 
atomic interactions. In a liquid where the molecules are closer together, inter-molecular 
interference also occurs. The higher the concentration of the liquid, the more interactions 
occur whereas dilute liquids have fewer interactions and behave similarly to a gas. In
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crystalline solids with more regularly spaced molecules, an interference effect occurs, 
resulting in distinctive scattering in specific directions, diffraction (Glatter and Kratky, 1982). 
Figure 2.1 demonstrates the X-ray scattering curves observed for a variety of disordered and 
ordered structures. Collagen is a highly ordered system and gives rise to a rich fibre diagram 
which contains features o f the scattering curves seen in C and D of Figure 2.1.
(A)
(C)
A • • • •
(B)
(D)
• •  •
JL
sit:
Figure 2.1: Scattering curves generated from various states of matter: (A) gas-type 
sample, (B) liquid-type, (C) quasi-crystalline and (D) solid state. Adapted from (Glab, 
Wess and Thomas, Due to be published in 2009) and (Cullity, 1978).
2.3 Theory of X-ray Scattering and Diffraction
When a photon collides with matter, they interact with one another. The energy from the 
incoming photon causes the charge particles within the matter to oscillate with the same 
frequency as the incident radiation. These oscillations within the matter cause the atom to 
become unstable resulting in the eventual release of a photon. Usually this photon is released
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with the same energy as the incoming incident photon; hence, no energy is lost from the 
system. This form of scattering is coherent scattering.
2.3.1 Interference between X-rays
X-rays that have been scattered by matter can interfere destructively or constructively. 
Constructive interference occurs when the waves are in phase where as destructive 
interference occurs when the waves are out of phase. Constructive and destructive 
interference is demonstrated in Figure 2.2.
Destructive Interference
Figure 2.2: Graphical representation of interference between two waves. The scenario 
at the top of the figure represents constructive interference, where two waves 
completely in phase are accumulated into a single wave with increased amplitude. The 
second scenario at the bottom of the figure represents destructive interference where 
the two waves are completely out of phase with one another resulting in a wave with 
zero amplitude.
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Diffraction is a specific scattering event that leads to interference effects, where incoming X- 
rays are scattered by atoms in all directions. The majority o f X-rays scattered by matter will 
interfere destructively, however, in some directions, the scattered X-rays will be in phase; 
therefore, reinforcing each other and forming diffracted beams (Glatter and Kratky, 1982). 
The constructive interference creates the observed diffraction pattern.
The specific ordering of the material leads to the inference of whether diffraction or 
scattering dominates. Scattering occurs from all matter, fluctuations in scatter occur when 
the electron density changes within the sample. These fluctuations can then be analysed to 
provide structural information about the material under investigation. The intensity of X-ray 
scattering corresponds to the number of atoms (electrons) present and their relative location. 
Figure 2.3 shows the interference o f two waves scattered from different points with a path 
difference of X and at an angle o f 26.
Figure 2.3: Schematic of the interference between two waves scattered from different 
points, A and O with a path difference of k  and at an angle of 20.
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The incident wave vector k, and the scattered wave vector k/ are in phase with a scattering 
angle between them of 20. The path difference between the X-rays passing through the 
points A and O is given in Equation 2.1.
x — y = rkj — rkf = — r(k f — k ,)
Equation 2.1
The phase is defined as O = -qr when the scattering vector satisfies Equation 2.2.
q = (2n/^)(kf -k j)
Equation 2.2
This scattering vector bisects the angle between the incident and scattered beam, kj and kf 
(Stout and Jensen, 1968).
4%
q = — sin0
\  Equation 2.3
The relative distribution of atoms in a sample corresponds (in terms of scattering) to the 
distances between scattering (electrons in this case) objects, it is often more appropriate to 
consider the correlation function between scattering centres in a sample as opposed to the 
sample itself, and thence infer the structure from the correlation function. The correlation 
function, g(r) corresponds to the probability density of having two scatterers in the same 
sample at a specific separation and its Fourier transform (the spatially inverse relationship) is 
used to calculate the amplitude of the scattering vector, I(q). The scattering o f the X-rays 
within a sample results in a distribution of X-rays continuously over a broad range of angles. 
If the atomic order within matter tends toward crystallinity then diffraction occurs as a 
condition of scattering where X-rays interact within well-ordered structures producing a 
characteristic pattern of sharp peaks collected on a detector due to constructive and 
destructive interference effects. Many biological samples exhibit the characteristics of a
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system that produces both scattering and diffraction. A two-dimensional X-ray diffraction 
pattern from hydrated rat-tail tendon is shown in Figure 2.4, where the 3rd to 10th orders of 
collagen axial diffraction are labelled.
Fibre
Orientation
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Beamstop
Figure 2.4: An example of the X-ray diffraction pattern from hydrated collagen (rat- 
tail tendon). The diffraction pattern consists of a series of sharp reflections that reflect 
a highly regular lattice of molecules in real space; the two-dimensional diffraction 
pattern shown is from a single fibre. Scattering from the sample due to the fibril 
structure is a component at low angles, around the beamstop. The fibre orientation and 
he 3rd to the 10th orders of collagen axial diffraction are labelled.
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The diffraction pattern of collagen, a crystalline tissue, consists of a series of sharp Bragg 
reflections that reflect a highly regular lattice. The deviations from a highly ordered sample 
give rise to diffuse scatter, which manifests as a continuum of scattering outside the Bragg 
reflections. Such scatter is important in understanding the nature of the change in materials.
2.4 General Principles of X-ray Diffraction
2,4,1 Braggs Law
Bragg proposed that constructive interference could only occur when the difference between 
the path lengths of the scattered rays is an integral number of wavelengths of the radiation. 
Bragg showed that when the planes within a crystal are separated by a distance d, the 
difference between the path lengths of radiation would become 2d sinG. Therefore, Bragg 
concluded that for constructive interference to occur, Equation 2.4 must be withheld (Stout 
and Jensen, 1968).
2d sill 0 — YlX  Equation 2.4
This condition is Bragg’s Law where X is the wavelength of the incoming X-ray beam, is the 
angle between the scattered photons and the scattering plane, and n is an integer value 
(Rhodes, 2000). Therefore, for diffraction to occur the three-dimensional crystal must have 
the correct orientation with respect to the incoming beam, hence satisfying the diffraction 
condition or Bragg condition. Bragg’s Law is demonstrated in Figure 2.5.
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the angle of incidence = the angle of reflection
X-rays
•  •  •  •  •
layers of crystal lattice
•  •  •  •  •
Constructive 
interference when
2 d s m 0 =  nA
Bragg’s Law
Figure 2.5: Diffraction of X-rays by a crystal, demonstrating Bragg’s Law. The crystal 
diffracts the incoming beams of parallel, monochromatic X-rays of wavelength X if the 
Bragg condition is satisfied, i.e. path difference X=2A sinO.
2.4.2 Reciprocal Lattice
The scattering pattern collected from a group of atoms is related to the internal structure of 
the crystal and the arrangement of the atoms. The spacing within the unit cell of the crystal is 
the real lattice, which has a simple inverse relationship with the spacing of the reflections 
seen in the scattering pattern. The separation of the reflections is equal to the reciprocal of 
the distance in real space, hence it is the reciprocal lattice (Rhodes, 2000). From this 
reciprocal relationship, it is possible to calculate the dimensions of the unit cell within the 
crystal using the spacing of the reciprocal lattice. Reciprocal space lattice constants are 
calculated using Equation 2.5, which is found by rearranging Braggs Law (Equation 2.4).
D = —  = —^ — sin 0
d  n  / 1 Equation 2.5
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An incident X-ray beam interacts with the matter within the sample causing the X-ray beam 
to be deflected at different angles, 0. These scattered X-rays are collected on a detector as 
shown in Figure 2.6 where the distance D on the detector is a reciprocal of d from Bragg’s 
law in Equation 2.4. The application of Equation 2.5 gives a direct relationship of distance, 
D with the scattering angle, 20.
Detector
Distance, D
Figure 2.6: An illustration showing an incident X-ray beam scattered by a sample at an 
angle of 20 on to a detector. The distance D on the detector is a reciprocal of the 
distance, d from Bragg’s law in Equation 2.4. The application of Equation 2.5 gives a 
direct relationship of distance, D with the scattering angle, 20.
In conclusion, the reciprocal lattice is a set of imaginary points constructed such that the 
direction of a vector from one point to another coincides with the direction of a normal to the 
real space planes. The reciprocal lattice is also often referred to as the three-dimensional 
spatial Fourier transform of the lattice in real space. Fourier transforms will be covered in 
greater detail later in this chapter (subsection 2.4.6). To relate real space and reciprocal space
Scattered X-ray Beam
Sample
Incident X-ray Beam
59
a geometrical construction by Peter Ewald was proposed.
2.4.3 Ewald Sphere Construction
The Ewald sphere construction is a way of visualising and determining whether the Bragg 
condition is satisfied. When a beam hits a plane within a crystal, the Ewald sphere shows 
that a set of planes are at the Bragg angle. A sphere of radius 1/A, is constructed, with its 
origin at the point in real space through which the X-ray beam passes. The Ewald 
construction, Figure 2.7, tells us that the X-rays will only diffract if the reciprocal lattice 
intersects the point at which the scattered X-ray intersects the Ewald sphere.
Incident X-ray 
Beam
Figure 2.7: The Ewald sphere construction. The Ewald sphere is a way of determining 
if the Bragg condition is met. For a given wavelength and the unit cell dimensions, it 
can be used to find the maximum resolution. This shows where 2d  sin 6 = nA.
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2.4.4 Periodic Wave Equations
A simple wave of X-rays can be described as a periodic function and by the equations given 
in Equation 2.6.
f{x)  = F cos 2 7t{hx + a)
f { x )  =  F  sin 2 7 l { h x  H- a ) Equation 2.6
f(x) is the value o f the height of the wave at a position along the horizontal axis x, F is the 
amplitude of the wave, h is the frequency, x is the variable position along the x-axis and a 
represents the phase of the wave (Cullity, 1978). These equations describe waves in one­
dimensional space only; hence, they are simple periodic wave equations. These periodic 
functions are too simplistic to explain the diffracted waves of X-ray diffraction, a more 
complicated description is needed; hence the Fourier series.
2.4.5 Fourier Series
Waves that are more complicated can be described in a similar way to simple waves. They 
are both described primarily by three constants; the amplitude, the frequency and the phase. 
These more complicated waves can be described by a sum or integral of sinusoidal functions 
(a series of sine and cosine functions); a Fourier series. This is used to deconstructing 
periodic functions into a series of simpler sinusoidal functions (trigonometric functions). 
This decomposition of functions into one simple sine or cosine function allows easier 
analysis. Fourier analysis has the advantage of being able to break down even the most 
complicated periodic functions into simpler and more easily interpreted waveforms.
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2.4.6 Fourier Transform
Fourier transforms are used to determine the electron density of an object from the diffraction 
pattern observed. This is done by the inversion of the Fourier transform of a function. The 
problem with this mathematical evaluation is that both the amplitude and the phase are 
needed to calculate the inverse Fourier transform of the diffracted photons, but X-ray 
diffraction only directly provides the intensity and not the phase. The amplitude is easily 
calculated using the intensity of the photon scattered, and through recognising that intensity is 
proportional to the square of the amplitude. However, there is as yet, no direct way to 
calculate the phase from the diffracted photons, making this a major challenge to X-ray 
crystallography, since the phase contains most of the structural information.
2.4.7 Structure Factors
A unit cell within a crystal scatters X-rays and the sum of such scattering contributions (the 
amplitude of each wave) gives the structure factor, Fhki (Azaroff, 1968). The structure factor 
is more formally defined as complex conjugates that provide information on both the 
amplitude and the phase (Stout and Jensen, 1968). The relation shown in Equation 2.7 relates 
the structure factor to the observed intensities (Stout and Jensen, 1968).
The structure factor is used in the calculation of the electron density from determination of 
the atom positions within the crystal (Riekel, 2000; Tamura et al., 2002).
Equation 2.7
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2.4.8 Electron Density
So far, we have emphasised that when an X-ray beam strikes a crystal, the X-rays are 
diffracted by point sources. In reality, it is the electrons within the crystal that scatter X-rays. 
The diffraction pattern provides us with information on the distribution of electrons within 
the crystal or the electron density o f the molecules. Electron density is a complex form of a 
periodic function that can be described by the mathematical technique of the Fourier series.
2.5 Synchrotron Radiation
2.5.1 Introduction and Development o f  Synchrotron Radiation
There are many ways to utilise and produce X-rays; however the most appropriate example 
here is using synchrotron radiation. A synchrotron is a specific type of cyclic particle 
accelerator in which a magnetic and an electric field are used to circulate and accelerate 
charged particles. Synchrotron facilities have the ability to emit electromagnetic radiation at 
wavelengths from X-rays to the far infrared. At present, there are over 100 synchrotron 
facilities worldwide. The first cyclotrons were built back in the 1930s to investigate the 
particles that comprise atoms by accelerating particles to relativistic speeds. These 
accelerated particles caused an atom to break up into its constituent parts when they collided 
hence allowing Physicists to investigate the inner structure of the atom. These first 
synchrotrons were known as First generation synchrotrons and although initially radiation 
was just an unwanted by-product, it soon became a useful property to probe matter.
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Synchrotrons have developed over the last few decades with their introduction for the 
principle application of producing a source of radiation. Second generation synchrotron 
facilities were used solely to produce radiation for experimental users. An example of a 2nd 
generation synchrotron is the Synchrotron Radiation Source (SRS) in Daresbury, UK 
(www.srs.ac.uk). Since the early nineties, synchrotron radiation has reached a new level with 
the introduction of the 3rd generation synchrotron sources that create radiation with a higher 
photon flux at specific wavelengths than 2nd generation synchrotrons. These synchrotrons 
differ from previous ones as they use magnets located around the ring not only to confine the 
charged particle beam but also causing the accelerated electrons to oscillate hence creating a 
higher intensity beam. An example of a 3rd generation synchrotron is the Diamond 
synchrotron source in the UK (www.diamond.ac.uk) and the European Synchrotron 
Radiation Facility (ESRF) in Grenoble, France (www.esrf.eu). Examples of 2nd and 3rd 
generation synchrotrons mentioned in this section are shown in Figure 2.8.
Figure 2.8: Examples of 2nd and 3rd generation synchrotrons. From left to right,
Synchrotron Radiation Source, SRS (Daresbury,U.K.), Diamond light Source (Oxford, 
U.K.) and European Synchrotron Radiation Facility, ESRF (Grenoble, France).
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2.5.2 Principles o f  Synchrotron Radiation
Synchrotron radiation sources vary due to their capabilities (such as brightness and detector 
sensitivity) but the general principles of how synchrotron radiation is produced is the same. 
Synchrotrons are comprised of a pre-injector, a booster ring and a storage ring. The pre­
injector is responsible for firing electrons into the booster ring where the electrons are 
accelerated to near-relativistic speeds. In the booster ring dipole bending magnets are used 
to curve the electrons around the bends and the electrons are accelerated in the straight 
section by passing them through a radio frequency (RF) field. Once the electrons reach 
sufficient energy they are injected into the storage ring. In the storage ring, the electrons are 
curved using bending magnets in order to orbit continuously producing synchrotron radiation. 
Beamlines are placed at tangents to the storage ring to guide narrow beams of light to the 
experimental stations. Synchrotron radiation is guided to the experimental stations by use of 
bending magnets and insertion devices. These cause the electron beam to follow a wiggling, 
or undulating path. Figure 2.9 demonstrates simplistically the main features of a synchrotron.
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Bending Magnets
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Electron Gun
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Synchrotron Radiation
Figure 2.9: A simplistic diagram showing the main features of a synchrotron.
Electrons are injected into the storage ring where they follow a curved path by use of a 
series of bending magnets. Once the electrons reach a relativistic speed, they produce 
radiation which is channeled to the beamlines.
2.5.2.1 Increasing the Intensity of Synchrotron Radiation
Increasing the intensity of synchrotron radiation allows for shorter experiment time. 
Synchrotron radiation is increased by the insertion devices shown in Figure 2.10, which 
comprise an array of magnets that produce a spatially periodic magnetic field at the electron 
beam path. Insertion devices can be configured as either wrigglers or undulators depending 
on the effect they have on the electron beam. A wiggler consists of an array of magnets,
6 6
placed in a section of the ring where the electron path would otherwise be straight; because of 
its action, the electrons are forced to wiggle around the straight path resulting in an effective 
local acceleration of the electron beam, producing a very high flux of X-rays. An undulator 
is similar to a wiggler except that it forces the electrons into a longer meander that results in 
more intense light at specific tunable wavelengths.
Bending Magnets
Gap
Insertion Device
Figure 2.10: Schematic diagram of the function of an insertion device. The electrons 
follow a trajectory determined by the periodic magnetic field in the insertion device, 
and synchrotron radiation is emitted. In order to change the wavelength of the 
resultant radiation, the magnetic field strength is varied by changing the gap between 
the top and bottom magnet arrays.
2.5.2.2 Microfocus X-ray Diffraction
Increasing the intensity of the radiation obtained from a synchrotron is one modification 
applied to the X-ray beam at a synchrotron. Many other modifications are made to fully 
utilise the beam and manipulate the radiation to suit a particular requirement. Another 
example is the reduction of the beam size to measure a few microns in size whilst
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concentrating the X-ray flux (brilliance) using specific optical elements. This is described as 
microfocus X-ray diffraction and is now utilised at many synchrotron beamlines worldwide, 
including beamline ID18F at ESRF which is used in this thesis and is discussed in further 
detail in Chapter 3 and Chapter 7. The availability o f high brilliance 3rd generation 
synchrotron sources together with progress in focusing optics allows the addition of 
submicron spatial resolution to conventional X-ray diffraction (Riekel, 2000). With this in 
situ technique, samples can be scanned with microscopic positional resolution. There is 
growing interest in achieving even smaller beam sizes in the sub-micrometer range in order to 
investigate structural details on mesoscopic length scales, i.e., between microscopic 
(micrometers) and atomic distances (nanometers) (Maxwell et al., 2006). Microfocus X-ray 
diffraction now provides a cutting edge tool to study material properties at the micron-scale. 
The specific details of microfocus X-ray diffraction will be discussed in more detail in 
Chapter 3 and Chapters 7.
2.6 Data Collection
A simplified model of an X-ray diffraction experiment is shown in Figure 2.11. It comprises 
an X-ray source that generates X-rays, a detector and a sample placed in the X-ray beam. 
The X-rays are scattered by the sample under investigation and collected by the detector, 
which is fixed a selected distance away from the specimen. By altering the distance between 
the detector and specimen it is possible to collect X-rays scattered at small-angles or wide- 
angles, as demonstrated in Figure 2.11. Data collection including the correction, reduction 
and analysis of data is discussed in detail in Chapter 3.
68
D i s t a n c e  o f  d e t e c t o r  f r o m  s a m p le
0.22nm 300nm
Sample
X-ray Source
UWAXS WAXS SAXS USAXS
Wide-angle Small-angle 
X-ray S catte ri ng X-rayS catte ri ng
Ultra Wide-angle Ultra Small-angle
X-ray Scattering X-ray Scattering
Figure 2.11: Illustration of sample to detector distances. The main beam is scattered 
following interaction with the sample. Depending on the position of the detector, 
different length scales can be investigated. Short sample to detector distances means X- 
rays scattered at wide-angles can be collected pertaining to structures in the region of a 
few nanometers. Longer sample to detector distances allow the collection of X-rays 
scattered at small-angles which provides structural information at lengths scales of a 
few hundred nanometers. Diagram is not to scale and is adapted from Maxwell et. al., 
2006.
2.7 Fibre Diffraction
The generic principles of X-ray scattering and diffraction, as described previously, can be 
used to investigate a vast range o f materials, including biological tissues. This thesis is 
interested specifically in the interaction of X-rays with the structural protein, collagen which 
exhibits structural organisation ranging from the atomic to mesoscopic. The information
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revealed by the X-ray diffraction pattern from collagen depends on the collagen type and 
orientation of the sample. For example, well aligned collagen samples, such as rat-tail 
tendon, reveals two distinct diffraction regions, the meridian and equator corresponding to 
axial and lateral molecular arrangements respectively.
2.7.1 Meridional Bragg Reflections
For fibrous proteins such as collagen, a high degree of crystallinity is often present in the 
direction parallel to the fibre axis. The axial packing of collagen results in the characteristic 
highly defined D-periodic electron density repeat along the fibril axis. This long-range order 
gives rise to the meridional reflection series observed on the diffraction pattern. The 
meridional Bragg reflections have been used to provide information about the axial 
arrangement of the molecules such as the ratio o f the gap region to the overlap region and 
structural features of the telopeptides (Meek and Quantock, 2001b). Figure 2.11 shows the 
Bragg orders of the collagen gap and overlap region, known as the D-period which for 
hydrated rat-tail tendon collagen (Type I) is 67nm. The diffraction image is the reciprocal of 
the real space structures. Therefore, the position of the reflection due to the 1st order Bragg 
reflection is at l/67nm in reciprocal space. The position of the 2nd is at 2/67nm and so on for 
all of the increasing order numbers.
2.7.2 Equatorial Reflections
The equatorial reflections are found perpendicular to the meridian in the fibre diagram and 
contain information on the lateral packing and diameters of the molecules and fibrils within a
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sample (Orgel et al., 2001). The equatorial reflections give information regarding the quasi- 
hexagonal packing of collagen molecules within a fibril (Ramachandran, 1967; Brodsky and 
Ramshaw, 1997). Due to less crystalline packing observed in the direction perpendicular to 
the fibre axis, diffuse scatter is often observed. A two-dimensional X-ray diffraction pattern 
for rat-tail tendon collagen is shown in Figure 2.12.
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— l.Onm
Bessel
Function
i t
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Figure 2.12: A two-dimensional X-ray diffraction pattern for rat-tail tendon collagen. 
The sample to detector distance was 4cm. The fibre was orientated perpendicular to the 
X-ray beam. The pattern shows diffraction reflections due to the collagen helix and 
scattering from the collagen molecules.
The collagen molecules exist in a helical state. Comprehensive reviews of X-ray diffraction 
analysis from helical structures are given by Ramachandran (1967) and Brodsky (1997) 
(Wess et al., 2001; Kennedy et al., 2003; Kennedy et al., 2004b). The height shift required to 
complete one full turn of the helix is termed the helical pitch and the axial repeat (axial rise 
per residue) is the distance required for two monomers to repeat on the helix. The principal 
reflection from the collagen helix is shown by the reflection seen at 0.286nm_1. 
Intermolecular lateral packing between the collagen molecules can be obtained by measuring 
the position of the reflection which is due to the interference between the collagen molecules.
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The combination of disordered material (such as gelatine) and water populations within the 
sample results in an isotopic ring o f amorphous scatter, which exhibits no preferred molecular 
orientation.
2.7.3 Preferred Orientation in X-ray Diffraction Patterns
Skin, leather and parchment comprise fibres of more than one orientation, as shown in Figure 
1.5, and this has important implications for the diffraction image. In tendon, a preferentially 
aligned tissue, the meridional Bragg reflections and equatorial reflections are clearly visible. 
However, samples such as skin and subsequently parchment have fibres oriented in several 
directions and therefore usually exist as a feltwork. In diffraction, this presents as isotropic 
diffraction and scattering features appear as circles. The meridional Bragg reflection and 
equatorial reflections for tendon and skin are demonstrated in Figure 2.13.
)
Preferentially aligned collagen  
(e.g. Tendon)
A feltwork of co llagen  
(e.g . Skin)
/
Incident X-ray 
Beam Incident X-ray 
B eam
Figure 2.13: (A) Representation of tendon, a preferentially aligned tissue, the
meridional Bragg reflections and equatorial reflections are clearly visible. (B) 
Representation of skin which is not aligned in one direction but exists as a feltwork, 
smearing of the meridional and equatorial reflections so they appear as arcs or circles is 
seen.
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Figure 2.13 shows that the orientation of collagen fibrils can cause a change in the observed 
two-dimensional X-ray diffraction images. When there is more than one fibril, the 
meridional and equatorial reflections appear as arcs or circles, therefore it is more challenging 
to decouple the meridional from the equatorial reflections in skin and parchment.
2.8 Conclusions
Over recent years X-ray diffraction has become a more readily available tool in the 
investigation of parchment. X-ray diffraction has been used in many parchment studies 
including investigation of the collagen structure of parchment (Clark and Curri, 1998; 
Hochleitner et al., 2003; Creagh et al., 2009), identifying pigments present in parchment 
(Kennedy et al., 2004c), investigating the effect of laser cleaning on parchment (Kennedy et 
al., 2004c) and to study the result of liming on collagen structure (Maxwell et al., 2006).
This thesis aims to further the investigative work conducted on parchment using X-ray 
diffraction. It will focus on understanding how water and collagen interact within the 
preservation and conservation context of parchment as well as determining the level of 
damage caused by relative humidity misuse particularly during conservation treatments. 
Chapter 3 will discuss how these experiments will be conducted giving details about samples 
and the experimental set-up.
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Chapter 3: Materials and Methods
3.1 Introduction
This chapter provides details regarding the utilisation of X-ray diffraction, where the 
principles of this technique are outlined in Chapter 2. Detailed descriptions of samples used 
in this thesis are given in this chapter. The following sections will provide details on the X- 
ray stations used for the collection of scattering images for the samples analysed. The main 
sources o f X-ray diffraction data were three different synchrotron radiation sources (SRS, 
Daresbury, stations 2.1 and 14.1; ESRF, station ID18F) and the NanoStar, an in-house X-ray 
diffraction source. Data reduction was achieved using FibreFix software and peak fitting was 
carried out using PeakFit4 software. Molecular modelling is another technique used in this 
study and is outlined in Section 3.5 of this chapter.
3.2 Parchment samples
Historical and modem parchment samples were provided for this study from a number of 
different sources. Table 3.1 provides details of the historical parchment samples gifted by a 
variety of different sources including the National Archives of Scotland (Edinburgh, U.K.), 
the Bodleian Library, University of Oxford (Oxford, U.K.), the National Archives (London, 
U.K.) and samples donated by Dr. Ira Rabin from the Artifacts Treatment and Conservation 
department at the Israel Antiquities Authority. Table 3.1 provides information on the 
parchment samples used including their estimated age, size and number of sheets, 
identification code and any additional information about the sample. Dates of production for
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historical samples are estimated from dates inscribed on parchment sheets at the time of 
initial parchment use. Additional information on the individual parchment samples can be 
found in the relevant corresponding Result Chapters.
75
Year Size No. of sheets Name Notes
1765 30cmx30cm 3 USH01 homy, folded parchment
1769 33cmx25cm 1 USH02 dirty/ coarse feel
1775 54cmx68cm 1 USH03 large folded sheet
1827 65cmx69cm 1 USH04 large folded sheet
1824 30cmx35cm 2 USH05 dirty/ rough feel
1832 25cmx35cm 6 USH06 polished
1828 49cmx36cm 1 USH07 polished
1817 24cmx37cm 6 USH08 tightly folded, several sheets tied together
Unknown 24cmx36cm 1 USH09 book binding
1765 41cmxl3cm 1 USH10 small folded single sheet
Unknown 6cmx5cm 1 BOD01 small sample with printed text
Unknown 4cmx5cm 1 BOD02 small sample with hand written text
-2000 - 1 MODOl modem manufactured
-1086 Sub mm N/A IV Great Domesday, Page 1, verso side
-1086 Sub mm N/A LD1V Little Domesday, Page 1, verso side
-1086 Sub mm N/A LD109V Little Domesday, Page 109, verso side
-1086 Sub mm N/A LD183V Little Domesday, Page 183, verso side
-1086 Sub mm N/A LD412V Little Domesday, Page 412, verso side
-1086 Sub mm N/A GD203V Great Domesday, Page 203, verso side
-1086 Sub mm N/A GD202r Great Domesday, Page 202, recto side
-1086 Sub mm N/A 382r Great Domesday, Page 382, recto side
-1086 Sub mm N/A LD449r Little Domesday, Page 449, recto side
Unknown 5cmx2cm 1 LTld 19°C(±1°C) and 50%RH (±2%)
Unknown 4cmx3cm 1 LT2d 19°C(±1°C) and 50%RH (±2%)
Unknown 2cmx4cm 1 LT3d 19°C(±1°C) and 50%RH (±2%)
Unknown 4cmx3cm 1 LT1L 30-60%RH & varying temp (in the day) 
19°C(±1°C) and 50%RH (±2%) (at night)
Unknown 5cmx3cm 1 LT2L 30-60%RH & varying temp (in the day) 
19°C(±1°C) and 50%RH (±2%) (at night)
Unknown 4cmx3cm 1 LT3L 30-60%RH & varying temp (in the day) 
19°C(±1°C) and 50%RH (±2%) (at night)
Table 3.1: Detailed information for the historical parchment samples. The National
Archives of Scotland gifted legal documents (USH01-USH10) and the Bodleian Library 
donated parchment samples identified as being especially degraded (BOD01-BOD02). 
Samples also include a modern manufactured parchment (MODOl) and the Domesday 
Book samples provided by the National Archives (lV-LD449r). Dr Ira Rabin provided 
the parchment samples subjected to different relative humidity (LTld-LT3L).
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3.2.1 Hydration o f Parchment Samples
In order to assess the required amount o f time needed to fully hydrate parchment a small 
study was proposed. Two different parchment sources were used for this study; modem 
parchment (circa 2000) and historical parchment (dated 1817). Each sample was weighed 
prior to hydration, and then weighed after hydration at time intervals of 1 minute, 2 minutes, 
5 minutes, 30 minutes, 1 hour and 3 days. Figure 3.1 shows the percentage weight change on 
hydration for both samples. The mean weight and the percentage weight change for these 
measurements are shown in Table 3.2.
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■  Historical parchment
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Figure 3.1: The percentage weight change for both samples upon hydration compared 
with the sample in the dry state. E rro r bars represent the standard e rro r of the mean 
where n=5.
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Modern parchment 
(circa 2000)
Historical parchment 
(dated 1817)
Mean 
weight (g)
%
weight
gain
Std dev Mean weight (g)
%
weight
gain
Std
dev
Dry 0.6068 0.0017 0.6774 0.0011
hydrated lmin 1.0962 80.06% 0.0178 1.0728 57.96% 0.0296
hydrated 2min 1.3626 124.55% 0.0452 1.4050 107.41% 0.0635
hydrated 5min 1.5691 158.89% 0.0743 1.7228 154.33% 0.0919
hydrated 30min 1.6156 166.25% 0.0040 1.7745 161.96% 0.0353
hydrated 1 hr 1.7081 181.50% 0.0120 1.8102 165.87% 0.0333
hydrated 3 days 1.7436 187.34% 0.0062 1.8498 173.07% 0.0196
Table 3.2: The mean weight and the percentage weight change for modern and
historical parchment at different stages of hydration where n =5.
It is observed that the parchment absorbs most of its water in the first 5 minutes of hydration, 
with the water absorption stabilising after this time period. Both the modem parchment 
sample (Fj^ = 13.44, p < 0.0001) and the historical parchment sample (F^g = 299.73, p < 
0.001) showed a significant increase in weight after hydration. Therefore it can be concluded 
for any measurement conducted on parchment a hydration time of 5 minutes would be 
reasonable and sufficient to ensure the sample is in a hydrated state.
3,2,2 Humidification o f  Parchment Samples
The relative humidity in the laboratory where the samples were stored was monitored over a 
two week period. The average %RH for the laboratory over a two week period was 
43.74%RH (±3.55). Measurements were taken using a humidity probe in both the morning 
and afternoon at the same time for 2 weeks. Figure 3.2 demonstrates how the %RH changed 
during this period.
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Figure 3.2: Change in the % RH in the laboratory over a two week period. E rro r bars 
represent the standard erro r of the mean where n=5.
Three samples from two different parchment sources were used to assess the amount of water 
present in parchment at different levels of relative humidity; modem parchment (circa 2000) 
and historical parchment (dated 1817). Each sample was weighed prior to humidification, 
and then weighed after humidification at intervals of 1 day to 7 days. The relative humidity 
(RH) levels used were 11%RH, 31%RH, 47%RH, 75%RH and 84%RH (±5%RH for all 
measurements). Figure 3.3 shows the mean percentage weight change for both samples at all 
RH levels. The mean weight and the percentage weight change for all time intervals are 
shown in Table 3.3.
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Figure 3.3: The percentage weight change for both samples after 7 days stored at 
11%RH, 31%RH, 47%RH, 75%RH and 84%RH. E rro r bars represent the standard 
erro r of the mean where n=5.
Figure 3.3 demonstrates, as expected, for parchment stored at low humidities (11%RH) a 
decrease in the percentage weight is seen, indicating a loss in water from the parchment 
structure. At the opposite end of the humidity scale, for parchment stored at higher 
humidities (84%RH) an increase in the percentage weight is observed, signifying an uptake 
of water within the structure of the parchment. The relationship for the percentage increase 
in weight versus increase in relative humidity is non-linear. This suggests than higher 
humidities cause a larger change in water content present within parchment than lower 
humidities. The modem parchment sample stored at 84%RH showed a significant increase in 
weight (Fj g = 4.30, p < 0.05). While the modem parchment sample stored at 11%RH showed 
no significant difference in weight (Fi,g = 1.01, p = 0.92).
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%RH
level
Time interval of 
measurement
Modlern parchment 
circa 2000)
Historical parchment 
(dated 1817)
Mean
weight
(g)
%
weight
gain
Std dev
Mean
weight
(g)
%  ! 
weight 
gain
Std dev
1%RH
Before humidification 0.3507 - 0.1022 0.2235 - 0.1308
after 1 day 0.3441 -1.496 0.1032 0.2197 -1.182 0.1302
after 2 days 0.3443 -1.309 0.1028 0.2195 -1.209 0.1302
after 3 days 0.3443 -1.384 0.1030 0.2196 -1.343 0.1297
after 6 days 0.3443 -1.272 0.1024 0.2198 -1.075 0.1304
after 7 days 0.3438 -1.421 0.1021 0.2199 -1.209 0.1298
1%RH
Before humidification 0.2726 - 0.2288 0.2149 - 0.0988
after 1 day 0.2727 0.037 0.2289 0.2146 -0.211 0.0980
after 2 days 0.2731 0.196 0.2289 0.2148 0.105 0.0975
after 3 days 0.2740 0.526 0.2294 0.2153 -0.158 0.0981
after 6 days 0.2739 0.489 0.2292 0.2160 0.053 0.0984
after 7 days 0.2737 0.404 0.2284 0.2169 0.738 0.0990
7%RH
Before humidification 0.2726 - 0.2372 0.2215 - 0.1123
after 1 day 0.2749 0.832 0.2377 0.2229 0.944 0.1115
after 2 days 0.2775 1.785 0.2385 0.2247 1.259 0.1120
after 3 days 0.2788 2.274 0.2398 0.2250 1.206 0.1117
after 6 days 0.2823 3.558 0.2445 0.2265 1.521 0.1108
after 7 days 0.2825 3.644 0.2458 0.2261 1.416 0.1105
5%RH
Before humidification 0.2881 - 0.2214 0.2347 - 0.1452
after 1 day 0.3044 5.646 0.2239 0.2437 1.112 0.1438
after 2 days 0.3071 6.583 0.2250 0.2452 1.931 0.1442
after 3 days 0.3094 7.392 0.2276 0.2463 1.755 0.1454
after 6 days 0.3096 7.462 0.2277 0.2473 3.160 0.1463
after 7 days 0.3095 7.427 0.2282 0.2482 4.564 0.1463
4%RH
Before humidification 0.3333 - 0.0311 0.1986 - 0.1095
after 1 day 0.4471 34.130 0.1070 0.2348 23.183 0.1433
after 2 days 0.4498 34.950 0.1072 0.2424 27.155 0.1479
after 3 days 0.4528 35.840 0.1069 0.2423 27.248 0.1482
after 6 days 0.4548 36.430 0.1077 0.2439 28.14 0.1494
after 7 days 0.4513 35.400 0.1100 0.2440 28.079 0.1490
Table 3.3: The mean weight and the percentage weight change for modern and
historical parchment at different stages of humidification where n=5.
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3.2.3 Artificial Degradation o f Parchment Samples
The parchment samples used throughout the study where assessed by XRD to be in an intact 
condition with a clear presence of collagen axial structure. Despite substantial effort it was 
not possible to obtain a spectrum of naturally degraded parchment samples therefore it was 
necessary to artificially degrade intact parchment to different extents. A number of different 
methods of artificial degradation were assessed including, steamed, microwaved (energy of 
900W) and hydrated then air-dried. XRD images were collected on each of these samples 
plus a control sample. Figure 3.4 shows the two-dimensional images collected and Figure 3.4 
shows the corresponding one-dimensional linear profiles.
Figure 3.4: Two-dimensional X-ray diffraction images for control parchment,
parchm ent degraded by microwaves, parchment degraded by steam and parchment 
degraded by hydration then air-drying (from left to right). The images show a Q range 
from 0 to O.ISnm'1.
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Figure 3.5: One-dimensional X-ray diffraction traces for control parchment,
parchment degraded by microwaves, parchment degraded by steam and parchment 
degraded by hydration then air-drying.
There is very little change to the collagen structure after steaming or hydration then air- 
drying. A change was observed in the collagen structure after artificial degradation by 
microwaves; a loss in intensity and a shift in the peak position to a lower D-period. 
Therefore, the best substitute for naturally degraded parchment is to apply artificial 
degradation to intact parchment via use of microwaves although naturally degraded 
parchment is still preferable.
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3.3 X-ray Diffraction Experimental Set-up
3.3.1 Synchrotron Radiation
Chapter 2 discusses the theory behind X-ray diffraction and synchrotron radiation. This 
section describes the equipment used in the experiments included in this thesis. Three beam 
stations were used at two different synchrotrons in this work including stations 2.1 and 14.1 
at the Synchrotron Radiation Source (SRS) Daresbury, U.K. and station ID18F at the 
European Synchrotron Radiation Facility (ESRF) Grenoble, France.
3.3.1.1 SRS Daresbury, Station 2.1
Station 2.1 at SRS Daresbury is optimised for both small angle X-ray scattering and non­
crystalline diffraction. Grossmann (2002) and Andrews, et al. (1989) give comprehensive 
reviews of this station. Station 2.1 contains a computer controlled sample stage that allows 
movement of the sample in specific directions and the beam is typically 0.8mm x 3mm. The 
evacuated camera tube has a variable length between 0.9 and 9.5m making it capable of 
providing information on the long-range structure of the sample on a length scale between 1- 
200nm. A schematic representation of station 2.1 is shown in Figure 3.6.
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Figure 3.6: Schematic representation of Station 2.1, SRS Daresbury, UK. Adapted 
from http://srs.dl.ac.Uk/ncd/station21/2.l floorplan.htm l (Snigirev et al., 1996).
During experiments conducted in this thesis, the camera length used was between 4.25m and 
5.5m and samples were exposed for on average 30 seconds (depended on the intensity of the 
X-ray beam). Samples were mounted in a specially designed Figure 3.7 shows an image of 
the experimental set-up at a camera length o f 5.5m where the detector and sample stage 
regions are shown in more detail. This allowed the observation of long-range interactions of 
collagen resulting from axial order (D-period). Hydrated rat-tail tendon was used as a 
standard calibration providing a characteristic regular axial order of 67nm (D-period).
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Figure 3.7: Image of station 2.1 at SRS Daresbury, with a sample to detector distance of 
5.5m. The detector and sample areas are shown in detail in two additional images 
below the main image. The black dashed arrow indicates the direction of the incoming 
X-ray beam.
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3.3.1.2 SRS Daresbury, Station 14.1
Station 14.1 at SRS Daresbury is optimised for macromolecular crystallography and non­
crystalline diffraction. This station provides a focused, collimated, monochromatic X-ray 
beam at high energy resolution at wavelengths of 0.1488nm and 0.0977nm. The resultant 
scattering data is collected on a charge-coupled (CCD) X-ray Quantum 4 ADSC detector 
(ADSC, Poway, CA). Figure 3.8 shows the equipment used at station 14.1 at SRS 
Daresbury.
Figure 3.8: Image of station 14.1 at SRS Daresbury at a sample to detector distance of 
140mm. The sample area is shown in detail in an additional image (see inset). The red 
dashed arrow indicates the direction of the incoming X-ray beam.
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3.3.1.3 ESRF, Station ID18F
Station ID18F is a microfocus X-ray diffraction source at the high brilliance synchrotron 
source the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. Compound 
refractive lenses (CRL) were used to focus the X-ray beam to generate a microbeam of size 
2pm (Vertically) x 6pm (Horizontally) (Somogyi et al., 2001). Images of the samples were 
taken using the defocused X-ray beam in connection with an alignment camera (CCD, a 
charge-coupled device) prior to starting the microfocus X-ray diffraction scans. The 
alignment camera was used to locate the sample and region due to be scanned, where images 
were collected and used to observe the microscopic features of the sample. The set-up allows 
for the switching of cameras from the diffraction CCD to the alignment CCD. The 
wavelength of the X-rays was 0.086nm and the sample-to-detector distance was fixed at 
213mm. Samples are mounted in the X-ray beam on a goniometer, attached to a computer 
controlled motorised stage. A schematic o f the experimental set-up is shown in Figure 3.9.
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Figure 3.9: A schematic diagram  of the microprobe set-up at station ID18F at the 
ESRF synchrotron. Diagram adapted from Somogyi et al. (2001) and 
http://www.esrf.eu/UsersAndScience/Experiments/lmaging/ID18F/BeamlineDescription
Two different types of scans were available as shown in Figure 3.10; the mesh scan and the 
ascan. The mesh scan is where a series o f images are collected in a grid (raster) formation; 
the sample is moved in both horizontal and vertical directions in relation to the X-ray beam. 
The ascan is where images are collected in a horizontal direction to the X-ray beam only.
(a) <b)
Figure 3.10: Graphical representation of (a) mesh scan where the sample is moved in 
both horizontal and vertical directions in relation to the X-ray beam and (b) ascan 
where a collection of images is taken in a horizontal direction to the X-ray beam only.
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3.3.2 Bruker NanoStar
In addition to synchrotron facilities, a Bruker AXS NanoStar bench X-ray source at Cardiff 
University was also employed (Figure 3.11). This facility is capable of both small-angle and 
wide-angle X-ray scattering (SAXS and WAXS) measurements and can be used to investigate a 
wealth of different materials. The high demand in synchrotron time and lengthy time delay 
between application and award of beamtime at synchrotrons means that the NanoStar system is a 
viable alternative although the NanoStar produces less intense images which therefore require 
much longer collection times.
Figure 3.11: An image of the Bruker AXS NanoStar small angle X-ray scattering
facility at C ardiff University, U.K.
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Here the X-ray beam is produced by a Kristalloflex 760 X-ray generator (Bruker AXS, 
Germany) and focused using two cross-coupled Gobel mirrors. The focused beam is reduced 
in size using a series of three pinholes to produce an X-ray beam of 0.4 mm x 0.8 mm, with a 
wavelength of 0.154 nm. The NanoStar, (like station 2.1 at the SRS Daresbury), has a 
vacuum chamber in which the X-ray beam travels. The sample to detector path length is 
variable between 4cm and 107cm. However, unlike station 2.1 the NanoStar holds the 
sample in an evacuated chamber to reduce the air absorption of scattered X-rays. The main 
X-ray beam passes through the sample and is blocked by a gold beam stop. The X-rays 
scattered by the sample are collected by a HiStar gas filled detector. A schematic of the 
experimental set-up for the Bruker AXS NanoStar bench X-ray source is shown in Figure
3.12.
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Figure 3.12: A schematic of the experim ental set-up for the Bruker AXS NanoStar 
small angle X-ray scattering station at C ardiff University, U.K.
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3.4 Data Correction
X-ray scattering patterns are usually accompanied by other scattered radiation, background 
radiation that is not due to the interaction with the sample. Before data analysis, it is 
important to subtract this background radiation from the original data to obtain correct 
intensity values and a clearer scattering image. This is achieved by repeating the same 
experimental conditions and recording the image of an empty cell without the specimen 
present. This background image can then be subtracted from the collected data to remove 
many artefacts introduced to the original image. Once corrected for the background radiation 
and artefacts the data can be analysed.
3.5 Data Reduction
After diffraction patterns have been collected it is necessary to perform data reduction using 
specialist analysis software in order to obtain information regarding the sample. Various 
computer programmes are currently available for data reduction and processing. These 
change on an almost year-by-year basis and are frequently updated to account for new 
modalities of software analysis. The most useful and commonly used are FibreFix (Rajkumar 
et al., 2005) and PeakFit4.
92
3.5.1 FibreFix
FibreFix is a software program produced by the non-operational Collaborative Computational 
Project for Fibre Diffraction and Solution Scattering (CCP13) to determine specific parameters 
from fibre diffraction patterns (Rajkumar et al., 2005). This program contains various analytical 
features that allow the X-ray scattering data to be read in and displayed as a two-dimensional 
image. It also has many additional features, for example, it allows adjustment of the intensity 
scale and the contrast o f the image, estimation and removal of the background radiation, 
calculation of the diffraction centre of the image and is able to generate one-dimensional intensity 
profiles. The user can also choose the type of linear intensity plot to be outputted, for example an 
intensity profile integrated along a line or a scan around an arc. FibreFix is available from the 
website: www.small-angle.ac.uk/small-angle/Software/FibreFix.
The main aim o f data analysis is to extract information from the diffraction images that 
relates to physical parameters within the sample. Data can be reduced by the conversion of the 
scattering images into one-dimensional plots as shown in Figure 3.13. The conversion of two- 
dimensional data to one-dimensional traces allows the intensity distribution of the scattering to be 
plotted against angular position allowing the quantitative estimation of structural parameters.
93
S  Kbrefix for Window* [D:\User FilesVsopkt\Cornea\Sept06 ISRF 1002 Cornc«\D<Ha\?m\«T r\sc206/ bm 0 OSllccdJ B U B
<f, Ed* Estnvate *roc«s Options Window* Corfxjjr? H**tp _ »  X
m  Frame | ^  X (^ i Y |^ o  P*el Counts (-0 07531394 Image No < [T~ _ |  Zoom [79 3
FibreFix
M3
XCONV
M3
FTOREC
CCF13
LSOJNT
M3
HELIX
LOW
Refresh 
Invert Palette
>f ix  I b s l  I
CCT13
AjsLABEL
Get Points
Unes
Thick Unes
Rectangles
Polygons
Scans
Select Box
Clear
Zoom
Get Spacmgs
CL14G 
0.126  
0 ,1 0 6  
0 006 
0 066 
0 046 
0 026 
0 006
0 .5  1 15
lo g  in tensity  (a.u.)
Figure 3.13: Illustration of the spatial conversion of a two-dimensional image to a one­
dimensional linear trace. The main image is of the interactive GUI for FibreFix software 
from CCP13 with a two-dimensional X-ray diffraction image of hydrated rat-tail 
tendon. The image inset is the corresponding one-dimensional intensity profile for the 
two-dimensional X-ray diffraction image of hydrated rat-tail tendon. The 3rtl and 9th 
orders of collagen axial diffraction are highlighted on both the two-dimensional X-ray 
diffraction image and the one-dimensional linear profile.
Figure 3.13 shows an illustration o f how two-dimensional data is reduced to a one-dimensional 
intensity profile using the software, FibreFix. To determine information about the sample from 
a one-dimensional intensity profile analysis of the peak positions and shapes is required.
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Various computer programs for peak fitting are currently available; in this thesis PeakFit4 
software was used.
3.4.2 PeakFit4
Once one-dimensional intensity profiles are obtained from two-dimensional diffraction data 
the linear traces can be analysed. The resultant one-dimensional intensity profiles consist of 
a series of peaks produced from long-range axial order and also contain other features such as 
those derived from scattering o f objects with a uniform radius or intermolecular interference. 
However, some peaks in the linear traces can be hidden, due to large amounts o f diffuse 
scattering. Therefore, detailed determination o f the peak parameters is needed. These can be 
calculated using computer programmes such as PeakFit (Systat Software Inc.), which is a 
nonlinear curve fitting software that can be used to separate all peaks present in the linear 
plot. It enables the user to fit and subtract a baseline from the traces. It also allows the peaks 
to be fitted allowing the calculation o f the peak parameters such as the peak position, the 
peak amplitude, the integral area and the peak width (full width half maximum, FWHM). A 
screenshot from PeakFit software is shown in Figure 3.14. PeakFit is available from the 
website: http://www.svstat.com/products/PeakFit/.
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Figure 3.14: A screenshot from  PeakFit software. A two-dimensional diffraction
pattern obtained from rat-tail tendon has been converted into a one-dimensional linear 
trace and transferred into the PeakFit software. The peaks observed correspond to the 
meridional reflections on the diffraction pattern. The software enables users to fit the 
peaks and obtain param eters such as peak intensity, position and the full width half 
maximum (FWHM).
A number of peak profile parameters can be determined and used to provide information 
about the structural properties o f each sample. One valuable parameter of a peak profile that 
is utilised in this study is the peak width (full width half maximum, FWHM). The FWHM 
for a peak is demonstrated in Figure 3.15. When calculating the FWHM in this thesis it was 
calculated as an average FWHM of the fifth, sixth and ninth orders of collagen axial 
diffraction. Another parameter used in this study is the integrated intensity.
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Max.
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Figure 3.15: Full width at half maximum (FWHM) is given by 
the two values of the independent variable (x-axis) at which the 
axis) is equal to half of its maximum value.
3.5 Data Analysis
3.5.1 Small-Angle Diffraction Pattern
Scattering by X-rays at small angles (<6°) gives information regarding the long-range order 
of structures (Brodsky et al., 1980). Collagen fibrils from skin and subsequently parchment 
exhibit a fundamental axial periodicity in the region of 65.5nm which is observable within 
the capacity of SAXS (Hodge and Petruska, 1963).
the difference between 
dependent variable (y-
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3.5.1.1 Axial Periodicity of Collagen
The characteristic D-period of collagen is the result o f regular fluctuations in the electron 
density of collagen in the axial direction, which gives rise to meridional X-ray diffraction (a 
series of Bragg reflections) (Meek and Quantock, 2001b; Sionkowska et al., 2004b). The 
distances between the meridional reflections correspond to the axial periodicity of the 
collagen structure allowing the characteristic D-period in real space to be calculated from the 
peak position on the diffraction pattern.
The breadth of the meridional reflections corresponds to the variation in the D-period within 
the sample bathed in the X-ray beam or the size o f the finite axial crystalline lattice. 
Collagen fibrils with a highly regulated D-period would produce sharp diffraction peaks with 
a small width, whereas collagen fibrils with a variation of D-periods could produce broader 
peaks where peak breadth would increase as a function o f diffraction order. A two- 
dimensional meridional X-ray diffraction pattern o f parchment (D-period = 65nm) and the 
corresponding linear plot are shown in Figure 3.16. The two-dimensional pattern consists of 
a series of equidistant Bragg reflections where the distance between two peaks is used to 
calculate the D-period.
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Figure 3.16: (a) Two-dimensional m eridional X-ray diffraction pattern of parchment 
(D-period = 65nm) and (b) the corresponding linear plot. The 6th and 9th diffraction
orders of collagen have been indicated by arrows.
3.5.2 Wide-Angle Diffraction Pattern
Scattering at wide-angles provide information on structural features sub-nanometers in size. 
Two features detected in collagen at wide diffraction angles are the diffraction arising from 
the intermolecular spacing between triple helices and the helical rise per residue within the 
collagen triplex. A two-dimensional wide-angle X-ray diffraction pattern of parchment and 
the corresponding linear plot is shown in Figure 3.17.
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Figure 3.17: (a) A tw o-dim ensional wide-angle X-ray diffraction pattern of parchment 
and (b) the corresponding linear plot. Arrows indicate the positions of the 
intermolecular packing (IP) and helical rise per residue (HR).
3.5.2.1 Intermolecular Packing of Collagen
A wide-angle X-ray diffraction pattern o f collagen contains a reflection that arises from 
intermolecular lateral packing, i.e. the distance between collagen molecules within a fibril. 
The position of this reflection corresponds to the lateral separation of the molecules and in 
hydrated collagen is found in the region o f approximately 1.2nm -  1.6nm, depending on the 
tissue (Maxwell et al., 2006). In hydrated parchment the intermolecular packing is observed 
at 1.5nm and in dry parchment it is seen at 1.2nm (Maxwell et al., 2006).
3.5.2.2 The Helical Rise per Residue of Collagen
A wide-angle X-ray diffraction pattern o f collagen also contains a reflection that arises from 
the stepwise distance between amino acid residues along the axis of the collagen triple helix;
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this is the helical rise per residue. In hydrated rat-tail tendon the helical rise per residue is 
0.290nm (Kennedy et al., 2003; Maxwell et al., 2006). In parchment the helical rise per
residue is observed to be in the region o f 0.286nm (Hulmes et al., 1977).
3.6 Molecular Modelling
The technique of X-ray diffraction allows a number o f different parameters to be extracted 
from the two-dimensional data. It is possible to build more complex structures if certain 
limitations and assumptions about the molecular structure can be made.
Molecular models have been used for many decades to interpret results acquired using
experimental techniques, for instance X-ray diffraction. The data collected from X-ray 
diffraction can be used in conjunction with computer-aided model simulations to gain a better 
understanding of the molecular changes seen within collagen. When constructing molecular 
models it is important to be aware o f their strengths and weaknesses, as no model can explain 
the results completely, they are simply interpretations of possible solutions. In order to 
construct molecular models to simulate X-ray diffraction patterns of collagen a series of 
parameters are essential. These include the amino acid sequence of the protein collagen and 
the scattering factor value for each amino acid residue.
3.6.1 Calculation o f  Amino Acid Scattering Factors
The amino acid sequences o f the fibril forming collagen molecules used throughout this 
thesis were taken from a previous study (Hulmes et al., 1977). The molecular models were 
built using a series o f amino acid X-ray scattering factors that were assigned for the
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molecular sequence o f type I collagen a l  and a2 chains. The scattering factors are an 
indication o f how much an electron is scattered by an amino acid relative to water. The 
scattering factor is calculated using Equation 3.2, where f n is the scattering factor, /„is the
total number o f electrons, n is the residue, vn is the total volume occupied by the residue and
p  is the electron density o f water (0.33 electron/A3) (Hulmes et al., 1977).
f  = t — p vJ  n n  / n Equation 3.2
The calculated scattering factor values for all the amino acids are given in Table 3.4.
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Amino Acid Residue Volume (A3) Scattering Factor
Tyr 209.8 16.766
Met 165.9 15.253
Lys 162.5 16.375
His 163.2 18.441
Pro 123.4 11.278
Gly 67.5 7.725
Hyp 127.2 10.995
Hyl 166.3 16.092
Arg 196.1 12.287
Glu 154.6 16.982
Asp 135.2 15.384
Gin 156.4 16.388
Asn 138.3 14.361
Ser 102.0 12.340
Thr 126.0 12.420
Phe 198.8 12.396
Val 138.4 8.328
Leu 163.4 8.078
Ala 91.5 7.805
Lie 162.6 8.342
Cys 114.4 17.340
Table 3.4: A ist of amino acid residues including their corresponding volumes and
scattering factors (Hulmes et al., 1977).
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When constructing molecular models the scattering factors outlined in Table 3.4 were 
substituted into the amino acid sequence for type I collagen, where each amino acid residue 
was represented by its corresponding scattering factor (represented in Figure 3.18). The 
numerical values represent each amino acid within the Fourier transform calculations.
*  Collagen triple helix
« ! •  M r t -.V r» * . -r  r .  - - I  : *|» H « | l y F «  H n
Selection of amino acid 
residues for a l  and a2 chains
Amino acid X-ray scattering 
factors
Summation of amino 
acid scattering factors in 
a triplex
Gap Overlap
I 1 I
Projected step function
Figure 3.18: Demonstrates the construction from a section of the collagen amino acid 
sequence to the dynamic collagen model.
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3.6.2 Model Structures
Previous computer simulated molecular models have been moderately successful in 
accounting for the hydrated state o f collagen but no model has sufficiently explained the dry 
state of collagen. In a hydrated state, collagen molecules are arranged in a regular repeating 
pattern, upon drying, these molecules undergo rearrangements resulting in a modified axial 
structure, which is readily observed in the fibre diagram. Four suggested change mechanisms 
that are present in the drying o f collagen are:
• Induction o f local disorder
• The shearing o f laterally adjoined molecules relative to each other
• Breakages in the amino acid chains o f the collagen molecules
• The induction o f molecular tilting within the staggered array of collagen molecules.
In this thesis, a standard model o f hydrated collagen plus four different model structures will
be constructed in an attempt to account for the principle changes that occur when collagen is 
altered by effects such as drying. The ‘standard model’ for hydrated collagen is made by the 
estimation of a one-dimensional projection o f electron density along the axis of a microfibril 
which allows a series o f meridional reflections to be calculated. The process of building this 
model structure is described here and the context in which the model is used and modified is 
reported in Results Chapter 6.
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3.6.2.1 The standard model for hydrated collagen
To model a series of meridional reflections from an X-ray diffraction pattern for hydrated 
collagen it is necessary to simulate the projected electron density of the D-period repeat 
within the fibril. The projected electron density is Fourier inverted to obtain a series of 
intensities that correspond to the meridional reflections of the X-ray diffraction pattern. 
Figure 3.19 demonstrates the creation of a simulated electron density from a D-period 
collagen structure.
D-period
67nm
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Fractional Co-ordinate along D-period
Figure 3.19: The creation of a simulated electron density from a D-period collagen 
structure. Each amino acid is substituted by its scattering factor from which the 
electron density is calculated. The electron density is Fourier transformed to produce a 
series of intensity values for the m eridional reflections.
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A detailed description o f how the molecular models were constructed is given by Hulmes et 
al. (1977) (Haines, 1999; Kite and Thomson, 2006). The scattering density profile produced 
was used to create a series o f axially projected structures. The number of amino acids in the 
repeating D-period unit o f these structures could be varied. The series of produced structures 
are projected onto a one-dimensional profile exhibiting the characteristic gap and overlap 
features. The molecular model assumes the average axial rise per residue is fixed at 
0.286nm. The models also accounted for the non-helical conformation of the telopeptide 
regions by using the structures calculated in more detail by a previous study (Orgel et al., 
2000). The resultant structure was then Fourier transformed to give a set of structure factors. 
The model intensity terms were represented graphically as linear intensity profiles with a 
delta function intensity term at the corresponding reciprocal lattice point. The linear intensity 
profiles were then convolved with Gaussian profiles that mimicked the broadening due the 
beam profile. This structure can then be compared to observed linear profiles of the 
meridional X-ray diffraction data. Chapter 6 will investigate the strength of the model 
structure for hydrated collagen and study possible modification to the model structure in 
order to simulate dry collagen.
3.7 Conclusions
This chapter has given a background to the experimental techniques used throughout this 
thesis. The experimental details and set-ups of the X-ray stations used for the samples in this 
thesis were provided as well as information regarding data reduction software and the 
mathematical principles behind data reduction from two-dimensions to one-dimension. This 
Chapter introduced the technique of molecular modelling as well as providing the principles
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behind the use of molecular models to explain X-ray diffraction data.
In the next chapter hydration and drying of parchment was investigated to determine the 
structural modification collagen undergoes within parchment in the presence or absence of 
water.
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Chapter 4: An Investigation into the Influence 
of Hydration on the Structure of Collagen -  An 
X-ray Diffraction Study
4.1 Introduction
The conservation and preservation o f parchment aims to repair and elongate the lifespan of 
parchment documents. A wealth o f different conservation techniques have been used, 
although some techniques have been shown to have a detrimental effect on the structural 
integrity of parchment. One technique used in the preparation of documents for display 
involves the application of water to parchment by a variety of processes (Woods, 1995). 
Although it is accepted by the conservation field that the addition of water can cause 
considerable damage to parchment, the exact effects are not well understood (Smit and Porck, 
1995; Woods, 1995). Conservationists wish to understand in detail the damage these 
treatments cause, and whether the process is irreversible.
4.1.1 Previous investigations conducted on the hydrated and dry molecular 
structure o f collagen
Many studies have been conducted on the hydrated and dry structure of collagen found in 
tendon (predominately type I collagen) but very few have investigated the hydrated and dry 
structure of collagen present in parchment (Hansen et al., 1992; Wess and Orgel, 2000;
109
Larsen, 2002). The native hydrated structure of tendon is found to contain a regular repeating 
structure with the characteristic 67nm axial D-period (Hodge and Petruska, 1963). On drying 
there is a reduction in the axial D-period of tendon from 67nm to 64nm (Wess and Orgel, 
2000). It has been demonstrated that the axial D-period of skin is 65nm, this is shorter than 
tendon in the native hydrated state (Brodsky et al., 1980; Stinson and Sweeny, 1980; Menon, 
2002). These values differ due to the presence of a mixture of type I and type III collagen 
within skin and parchment, which produce (by unknown mechanisms) a shorter axial D- 
period. It has been shown that, in some situations, the axial D-period of collagen may be 
altered by the processes involved with parchment production (Wess and Orgel, 2000; 
Maxwell et al., 2006). A study by Wess and Orgel (2000) of the changes in collagen 
structure which result from drying showed that the mean axial D-period for 12 historical 
parchment samples was 63.0nm (±0.8). The differences in the D-period between skin and 
parchment has been proposed to result from the additional treatments that parchment 
undergoes during manufacture (Smit and Porck, 1995; Woods, 1995; Haines, 1999; Kennedy 
and Wess, 2003; Maxwell et al., 2006). The manufacture of parchment from skin involves 
the addition of lime and water where the process of liming has been shown to reduce the axial 
D-period by approximately lnm  (Maxwell et al., 2006).
When parchment is folded or creased during storage, conservationists use the local 
application of water to the creases to relax and manipulate the parchment in order to flatten 
the documents. When hydrated parchment is allowed to air dry the water that exists between 
the fibres migrates to the surface o f the parchment and evaporates (Hingley, 2001). It has 
been suggested that the loss o f this water causes the fibres to “shorten and collapse onto each 
other”. This statement has yet to be investigated from a structural and quantitative point of 
view. It is proposed that large structural changes similar to these make repairing water 
damage to parchment extremely difficult and time consuming. This chapter aims to quantify
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this statement by investigating the effect o f hydration and drying on the fibrillar structure of 
collagen. The difficulties involved with the reparation of water-damaged parchment have 
created a need to understand the changing collagen-water interactions that may cause 
damage. Parchment retains many hierarchical structural features found in skin. At each 
level, the interaction with water is critical to the structural integrity and survival in 
parchment. It is necessary to study the structural alterations at different levels of hierarchy, 
since the interaction with water covers a large number of length scales, from atomic- 
nanoscopic to macroscopic. This study uses X-ray diffraction to investigate how water and 
collagen interact within the preservation and conservation contexts of parchment records. 
This research seeks to study the scale at which irreversible damage occurs to attempt to help 
conservators understand the application o f treatments in greater depth.
4.2 Experimental
4.2.1 Parchment Samples used in this study
During this investigation it has been vital to source a catalogue of parchment samples 
covering a wealth o f different degradation states, from samples considered to be in good 
condition to samples considered to be in poor condition (both visually and structurally). This 
has proven extremely difficult, with most conservators unable to provide parchment samples 
for testing. The National Archives o f Scotland (Edinburgh, U.K.) gifted the historical 
parchment samples used throughout this Chapter. Table 4.1 provides detailed information on 
these parchment samples including their year of use, size, number of sheets and any 
additional notes.
I l l
Year Size
No. of 
sheets
Sample
Name Notes
1765 30cmx30cm 3 USH01 homy, folded parchment
1769 33cmx25cm 1 USH02 dirty/ coarse feel
1775 54cmx68cm 1 USH03 large folded sheet
1827 65cmx69cm 1 USH04 large folded sheet
1824 30cmx35cm 2 USH05 dirty/ rough feel
1832 25cmx35cm 6 USH06 polished
1828 49cmx36cm 1 USH07 polished
1765 41cmxl3cm 1 USH10 small folded single sheet
Table 4.1: A detailed description of the parchment samples used in this Chapter.
This study was divided into two different sections shown in the flow diagram in Figure 4.1. 
The first stage o f the study was to collect X-ray diffraction images from all the parchment 
samples outlined in Table 4.1; patterns were collected from the samples at a variety of 
different hydration levels. The dry state was the original status of the parchment at room 
conditions of 20°C (±2°C) and 50%RH (±5%RH). For the hydrated state, the parchment 
sample was fully immersed in distilled water until fully saturated. The air-dried state was 
achieved by allowing the hydrated sample to dry (with no tension applied) under standard 
room conditions o f approximately 50%RH and 20°C. The process o f wetting parchment and 
allowing the samples to return to the air-dried state allows the assessment of changes that 
may occur in terms o f gelatinisation during wetting. This continual process of wetting and 
drying may advance the accumulative damage seen in parchment.
The second stage o f the study involved the collection of X-ray diffraction images using 
parchment samples that were hydrated and allowed to air-dry, with diffraction patterns
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recorded at 3 minutes intervals (a drying series experiment). The drying series experiment 
was conducted on all parchment samples outlined in Table 4.1 as well as other collagen- 
based tissues such as calf skin, rat-tail tendon and modem manufactured parchment.
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Figure 4.1: A flow diagram showing the key steps involved in the two stages of the
study.
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4.3 Results for dry, hydrated and air-dried parchment samples
X-ray diffraction data were obtained for the dry, hydrated and air-dried parchment samples 
outlined in Table 4.1. Structural hierarchies were investigated using two different beam 
lines; station 14.1 (WAXS) and station 2.1 (SAXS).
4.3.1 Wide-angle X-ray Scattering Data Analysis
Wide-angle X-ray scattering (WAXS) was employed to investigate the structure within and 
between collagen molecules. An example o f a typical WAXS pattern from parchment can be 
seen in Figure 4.2, where the helical rise per residue (A), amorphous scattering (B) and 
intermolecular lateral packing (C) are indicated.
(A)
(B)
-|MMH■
\  /
(D)
Figure 4.2: An exam ple of a typical WAXS pattern  from historical parchm ent sample 
USH01, where the helical rise per residue, am orphous scattering and intermolecular 
lateral packing are indicated as (A), (B) and (C) respectively. The reflection seen at 
0.3nm (D) is due to the presence of calcite.
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The key features in wide-angle X-ray scattering (WAXS) patterns for parchment are the 
reflections seen at 0.29nm and 1.2nm (Maxwell et al., 2006). The reflection seen at 
approximately 0.29nm relates to the helical rise per residue, which is the distance between the 
amino acid residues along the collagen molecular triple helices. The intermolecular lateral 
packing corresponds to the distance between one collagen molecule and its nearest 
neighbour, which is observed at a spacing o f approximately 1/1.2nm. To allow for more 
detailed data analysis o f these features, the WAXS patterns were converted to linear traces as 
shown in Figure 4.3.
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Figure 4.3: An example of a typical linear intensity profile taken from a two-
dimensional WAXS patte rn  of historical parchm ent sample USH01. The helical rise per 
residue, am orphous scattering and in term olecular lateral packing are indicated as (A), 
(B) and (C) respectively. The peak  resulting from a form of calcite is seen at 3.3nm 1 
(D).
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4.3.1.1 Analysis o f the Helical Rise per Residue Peak
* Peak (A) shown in Figure 4.2 and Figure 4.3 corresponds to the helical rise per residue. Peak
I
|  fitting software PeakFit4 was used to determine the position of peak (A) and also the full
\ width at half maximum (FWHM) value o f the peak (explained in section 3.4.3). The beam
i
31 profile is assumed to be the same throughout the experiment. The result of the peak fitting
4 for all the dry, hydrated and air-dried historical parchment samples are shown in Table 4.2.
I
V
I
*
-
lples
Dry Hydrated Air-dried
Helical
Rise
Per
Residue
(nm)
Std
dev
Full Width 
H alf M axim a  
( n m 1)
Std
dev
H elical
R ise
Per
Residue
(nm )
Std
dev
Full Width 
H alf M axima 
(n m 1)
Std
dev
Helical
Rise
Per
Residue
(nm)
Std
dev
Full Width 
H alf 
Maxima 
(nm'1)
Std
dev
HOI 0.287 0.001 4.167 0.387 0.287 0.001 3.436 0.451 0.286 0.001 3.448 0.253
*
*I
*,
)
1
H02 0.288 0.001 4.016 0.512 0.288 0.001 3.484 0.268 0.286 0.001 4.274 0.43S
H03 0.287 0.001 4.367 0 .419 0.286 0.001 4.149 0.891 0.288 0.001 5.181 0.863
H04 0.286 0.001 4.149 0.341 0.289 0.003 3.636 0.587 0.286 0.001 5.814 0.346
H05 0.286 0.001 3.846 0.275 0.288 0.001 3.484 0.695 0.287 0.001 3.215 0.561
H06 0.282 0.002 12.821 3.284 0.282 0.002 3.012 0.986 0.283 0.001 9.804 2.584
H07 0.288 0.001 5.076 0.432 0.288 0.001 4.098 0.252 0.285 0.002 3.484 0.797
mo 0.287 0.001 4.001 0.601 0.287 0.001 3.703 0.314 0.286 0.001 3.247 0.62C
Table 4.2: The position and FWHM for the helical rise per residue peak of all dry,
hydrated and air-dried historical parchment samples.
As shown in Table 4.2, the peak position o f the helical rise per residue remains constant and 
unaffected for the historical parchment samples whether dry, hydrated or air-dried. Variation 
is however seen in the helical rise per residue between each parchment sample. This implies
that each parchment sample is different from the next and enforces the theory that parchment 
is a heterogeneous material and sample to sample variation is significant.
4.3.1.2 Analysis o f the Interm olecular Lateral Packing Peak
Peak (C) shown in Figure 4.2 and Figure 4.3 corresponds to the collagen intermolecular 
lateral packing which is the distance between one collagen molecule and its nearest 
neighbour. The peak position and the FWHM for the intermolecular lateral packing for all 
dry, hydrated and air-dried parchment samples are shown in Table 4.3.
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Dry H ydrated Air-dried
Intermolecu 
lar lateral 
packing 
(nm)
Std dev
Full
W idth
H alf
M axim a
( n m 1)
Std dev
Interm olecul 
arlateral 
packing  
(nm )
Std dev
Full
W idth
H alf
M axim a
( n m 1)
Std dev
Intermolecul 
ar lateral 
packing (nm)
Std
dev
Full Width 
H alf 
Maxima 
(n m 1)
Std d
501 1.195 0.005 4.608 0.405 1.526 0.007 3.257 0.612 1.237 0.006 5.405 0.6(
102 1.195 0.003 3.922 0.736 1.518 0.004 4.504 0.496 1.253 0.004 4.651 0.4J
r
1.190 0.007 4.367 0.491 1.534 0.009 4.854 0.395 1.237 0.006 5.814 0.77
!J04 1.205 0.006 3.690 0 .824 1.584 0.005 4.854 0.762 1.242 0.008 7.576 0.4(
5805 1.185 0.007 4.695 0.532 1.584 0.004 4.367 0.621 1.246 0.008 4.831 0.85
5506 1.181 0.005 6.944 0.994 1.550 0.008 3.300 0.846 1.235 0.009 6.250 0.7C
]507 1.205 0.008 5.814 0.671 1.575 0.010 2.725 1.005 1.232 0.100 5.263 0.9^
5110 1.190 0.004 5.076 0 .598 1.534 0.006 3.704 0.680 1.236 0.006 6.173 0.52
Table 4.3: The position and FWHM for the collagen intermolecular lateral packing of 
all dry, hydrated and air-dried historical parchment samples.
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Table 4.3 shows that the collagen intermolecular lateral packing is approximately 1.2nm for 
all historical parchment samples used in this study in a dry state. Once hydrated the collagen 
intermolecular lateral packing increases to approximately 1.55nm and decreases when air- 
dried to approximately 1.24nm. In comparison, a slight increase can be observed in the 
intermolecular lateral packing reflection for the samples that have been air-dried. This may 
result from residual moisture in the structure or form the opportunity for molecular 
rearrangements to occur and gravitate towards an optimal interaction distance.
4.3.1.3 Ratio of the Interm olecular Lateral Packing compared to the Amorphous 
Scatter
Peak (B) shown in Figure 4.3 and Figure 4.4 corresponds to the amorphous scattering peak 
that arises from the scatter that results from gelatin, water and other non-collagenous 
materials. Gelatinisation is caused by a loss o f structural order within collagen due to 
unfolding of the molecules (W einer et al., 1980; Kennedy et al., 2004a). It is possible to 
calculate a ratio o f collagen to amorphous content from the samples by dividing the 
integrated intensity o f the intermolecular lateral packing peak (C) by the integrated intensity 
of the amorphous scatter peak (B) (Hodge and Petruska, 1963). This ratio does not give an 
absolute measure o f the amount o f collagen or gelatin in the sample, but does provide a 
means to compare changes between samples.
Table 4.4 shows the ratio for the intermolecular lateral packing compared to the amorphous 
scatter for the dry, hydrated and air-dried historical parchment samples where the beam 
profile is assumed to be the same throughout the experiment. The ratios for the dry samples 
detailed in Table 4.4 are between 0.159 (for USH06) and 0.325 (for USH02). In comparison,
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the ratio for the hydrated samples is between 0.106 (for USH04) and 0.373 (for USH07). For 
the air-dried samples the ratio is between 0.076 (for USH10) and 0.308 (for USH06). Upon 
hydration the ratio was found to increase for all parchment samples except USH02, USH03 
and USH04. When comparing the dry state with the air-dried state the collagen/amorphous 
ratio is found to decrease for all parchment samples except USH06, where the 
collagen/amorphous ratio has increased after hydration and air-drying. All these findings 
seem to enforce the proposed idea that all parchment reacts differently to the addition and 
removal of water.
Historical Parchment Collagen / Amorphous ratio
Samples Dry Std dev Hydrated Std dev Air-dried Std dev
USH01 0.214 0.071 0.330 0.042 0.199 0.063
USH02 0.325 0.098 0.162 0.058 0.198 0.081
USH03 0.254 0.064 0.201 0.052 0.195 0.059
USH04 0.250 0.053 0.106 0.086 0.160 0.067
USH05 0.200 0.075 0.207 0.064 0.193 0.050
USH06 0.159 0.069 0.299 0.070 0.308 0.088
USH07 0.164 0.092 0.373 0.091 0.163 0.073
USH10 0.195 0.055 0.257 0.054 0.076 0.066
Table 4.4: Ratio for the intermolecular lateral packing compared to the amorphous 
scatter for the dry, hydrated and air-dried parchment samples. This ratio is calculated 
by dividing the integrated intensity of the peaks that represent the collagen 
intermolecular lateral packing and the amorphous scatter.
119
4.3.2 Small-angle X-ray Scattering Data Analysis
Small-angle X-ray scattering (SAXS) was utilised to investigate the long-range interactions 
resulting from the axial order o f the structure. Two typical SAXS patterns from a dry and a 
hydrated parchment sample (USH01) can be seen in Figure 4.4, where the fifth, sixth and 
ninth axial orders o f collagen diffraction are indicated as (5), (6) and (9) respectively.
Figure 4.4: Two typical two-dim ensional SAXS patterns from a dry (image on left) and 
a hydrated (image on right) historical parchm ent sample (USH01), where the fifth, sixth 
and ninth axial orders of collagen diffraction are indicated as (5), (6) and (9) 
respectively.
These sharp reflections can be used to determine a change in the D-period of the collagen 
molecules as the variation in electron density in the axial direction. A useful indicator of 
sample hydration can be obtained from the reflection intensities, where a strong fifth order of 
collagen axial diffraction indicates a high level o f hydration while a strong sixth order of 
collagen axial diffraction indicates dehydration as shown in Figure 4.4 and Figure 4.5.
1 2 0
4.3
—  Hydrated parchment 
— Dry parchment3.8
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Figure 4.5: Two linear intensity profiles of the SAXS patterns from a dry and a
hydrated parchm ent sample (USH01), w here the fifth and ninth axial orders of collagen 
diffraction are indicated as (5) and (9) respectively.
Changes to the axial D-period have been listed in Table 4.5 for all dry, hydrated and air-dried 
parchment samples.
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Historical
Parchment
Samples
D-period (nm)
Dry Std dev Hydrated Std dev Air-dried Std dev
USH01 63.84 0.28 64.30 0.43 63.39 0.30
USH02 65.84 0.40 65.98 0.56 65.41 0.49
USH03 64.77 0.38 65.22 0.29 64.80 0.38
USH04 65.30 0.26 65.75 0.41 63.75 0.32
USH05 64.80 0.45 65.27 0.60 64.16 0.56
USH06 64.48 0.31 65.16 0.37 64.50 0.42
USH07 64.80 0.62 63.29 0.77 No visible reflections in 
2D or ID
USH10 64.29 0.38 65.27 0.44 61.08 0.55
Table 4.5: D-period for all dry, hydrated and air-dried historical parchment samples. 
For sample USH07 there were no visible reflections in the air-dried state making it not 
possible to calculate the D-period. The absence of reflections for USH07 may result 
from a loss of collagen molecular structure after wetting and drying.
For historical parchment samples USH01, USH02, USH03, USH04, USH05, USH06 and 
USH10, the D-period increased when moving from the dry state to the hydrated state. For 
historical parchment sample USH07, the D-period decreased when moving from the dry state 
to the hydrated state. When all hydrated samples were allowed to air dry, the D-period 
calculated from the samples was found to decrease. Sample USH07 showed the presence of 
no meridional reflections from which to calculate the D-period for the air-dried sample. This 
implies that there was a loss o f fibrillar structure for sample USH07. Overall, sample USH07 
appeared to behave differently to all the other samples investigated.
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4.4 Results for Drying Series Samples
In addition to the collection o f X-ray diffraction patterns from historical parchment samples 
in a dry, hydrated and air-dried state, an in-situ drying series study was completed. Historical 
parchment samples and other collagen-based tissues were fully hydrated and allowed to air 
dry while diffraction patterns were recorded at 3-minute intervals (the beam position was 
fixed during the experiment). Small-angle X-ray diffraction patterns were collected at the 
SRS Daresbury Synchrotron on station 2.1. Historical parchment samples outlined in Table
4.1 were used in the drying series study. In addition to historical parchment samples, a 
modem parchment sample was also investigated.
Figure 4.6 displays X-ray diffraction images for the parchment sample USH01 during the 
transition from the hydrated state to the dry state. From this figure, it can be observed that as 
the parchment dried, the fifth order o f diffraction weakened and the sixth order of diffraction 
became more prominent, which is highlighted on the two-dimensional images. This 
phenomenon was observed for all historical parchment samples.
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Figure 4.6: Composite of X-ray diffraction images for the drying series of parchment 
sample USH01. The images show the stages between hydrated and dry, a decreasing 
level of hydration is seen from  top left to bottom  right. W orking from the top left the X- 
ray diffraction images are taken a t 3, 30, 60, 90, 120 minutes and the final frame is a dry 
sample (before wetting).
Linear traces have been produced for all parchment samples used in this study and have been 
smoothed to remove noise fluctuations from the traces. Figure 4.7 shows the linear traces for 
sample USH01 showing the third to ninth orders o f collagen axial diffraction. The decrease 
in the intensity o f the fifth order and the increase in the intensity of the sixth order are seen in 
the linear traces. It can also be seen that on drying a shift in the peak positions to a higher 
value of d (1/nm) occurred, corresponding to a decrease in the D-period.
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Figure 4.7: Linear traces for sam ple USH01 from  hydrated (blue line) to dry (red line) 
showing the third to ninth orders of collagen axial diffraction. The fifth, sixth and ninth 
orders of collagen diffraction are  highlighted as (5), (6) and (9) respectively.
Figure 4.8 shows the linear traces for sample USH02 showing the third to ninth orders of 
collagen axial diffraction. A decrease in the intensity o f the fifth order and an increase in the 
intensity of the sixth order are evident, displaying the same behaviour as sample USH01 
shown in Figure 4.7.
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Figure 4.8: L inear traces fo r sam ple USH02 from  hydrated (blue line) to dry (red line) 
showing the fifth to ninth o rders of collagen axial diffraction. The fifth, sixth and ninth 
orders of collagen diffraction a re  highlighted as (5), (6) and (9) respectively.
Table 4.6 includes the calculated D-period values for all historical parchment samples and the 
modem parchment sample. The D-periods for the hydrated and dry samples are included as 
well as the D-period at the intervals 3, 30, 60, 90 and 120 minutes after hydration.
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Time (min)
D-period (nm)
USH01 USH02 USH03 USH05 USH06 USH07 USH10 Modern
Hydrated 64.30 65.98 65.22 65.27 65.16 63.29 65.27 65.12
3 64.39 65.54 64.84 63.90 64.67 65.26 62.63 64.98
30 63.53 65.52 64.70 63.90 64.00 65.40 62.83 64.98
60 64.33 66.12 64.42 64.31 63.59 65.12 62.44 65.26
90 61.17 65.54 64.42 64.04 63.76 64.42 62.31 65.40
120 61.22 65.54 64.92 63.63 63.90 64.56 62.27 64.84
Dry 63.67 65.11 64.32 63.29 64.38 64.75 62.44 64.56
Table 4.6: D-period for all historical and modern parchment samples that were
hydrated and allowed to air-dry while a series of X-ray diffraction images were 
collected. The D-periods for the samples hydrated and dry are included as well as the 
D-period at the intervals 3, 30, 60, 90 and 120 minutes after hydration.
The D-period for all parchment samples was found to decrease as they dried to near their D- 
period value for the dry state. An initial increase in the D-period was also seen on drying. 
This increase is shown in Figure 4.9 where the D-period is plotted as a function of time for all 
parchment samples where all graphs are plotted using the same y-axis (from 60.5nm to 
66.5nm). This allows the variation in the D-period between parchment samples to be 
observed. Figure 4.10 shows the same data as Figure 4.9 but plotted on varying y-axes 
allowing the patterns in the D-period for each individual sample to be observed.
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Figure 4.9: The D-period as a function of drying time for all parchment samples that 
were hydrated and allowed to dry. The x-axis and y-axis are plotted on the same scales 
for all samples (from 60.5nm to 66.5nm and 0 minutes to 35 minutes).
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Figure 4.10: The D-period as a function of drying time for all parchm ent samples that 
were hydrated and allowed to dry. The x-axis and y-axis are plotted on different scales 
for all samples.
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It was important to consider that the beam position was unchanged as the X-ray diffraction 
patterns were collected from the drying parchment. It could not therefore be guaranteed that 
all changes seen were induced solely from the parchment drying; radiation damage from 
elevated exposure to X-rays may also have had an impact. Therefore other collagen-based 
tissues were investigated as well as parchment, including calf skin and rat-tail tendon to see if 
an increase in the axial D-period was observed. The effects observed on drying were 
different to those observed in parchment. Figure 4.11 shows the linear traces for rat-tail 
tendon that was hydrated and allowed to air-dry in the X-ray beam in a similar manner to the 
parchment. For rat-tail tendon no initial increase was seen in the D-period unlike in 
parchment.
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Figure 4.11: Linear traces for ra t-ta il tendon from hydrated (blue line) to dry (red line) 
showing the first to seventh orders of collagen axial diffraction. The first, fifth and sixth 
orders of collagen diffraction are highlighted as (1), (5) and (6) respectively.
In addition to rat-tail tendon, calf skin was also investigated. The linear traces for skin from 
the hydrated state to the dried state are shown in Figure 4.12. Once again no initial increase 
was observed in the D-period.
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Figure 4.12: Linear traces for skin from  hydrated  (blue line) to dry (red line) showing 
the fifth to sixth orders of collagen axial diffraction. The fifth, sixth and ninth orders of 
collagen diffraction are highlighted as (5), (6) and (9) respectively.
4.5 Discussion
4.5.1 Dry, hydrated and air-dried parchment samples
4.5.1.1 The effect o f h y d ra tio n  an d  a ir-d ry in g  a t  a m olecu lar level
Results showed that hydration and air-drying has little effect on the helical rise per residue in 
parchment. The helical rise per residue was found to be constant between 0.282nm and 
0.289nm depending on the parchment sample. This is in agreement with other sources that
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have calculated the helical rise per residue in parchment to be 0.290nm (Maxwell et al., 
2006). However, the increase in the peak width after hydration (compared with the dry 
sample) indicates changes at a molecular level. This broadening may be a product of a 
decrease in finite crystallite size, or an increase in local disorder, or a combination of the two. 
The peak width was found to decrease in most samples on air-drying to a value similar to the 
peak width for the original dry sample. Three samples (USH05, USH07 and USH10) showed 
an increase in the peak width when compared with both the dry and hydrated sample. 
Overall, although the helical rise per residue remained constant, the alteration in the peak 
width may be indicative o f a variation at a molecular level, such as breakages in the collagen 
helix leading to localised relaxation in the structure.
4.5.1.2 The effect o f hydration and air-drying on molecular interactions
Previous studies have reported the intermolecular lateral packing in dry parchment to be 
1.2nm (Maxwell et al., 2006), however no value for hydrated parchment has been reported. 
In this study, hydration was found to increase the intermolecular lateral packing in all 
samples from approximately 1.2nm in the dry state to approximately 1.55nm in the hydrated 
state. This increase in spacing between the collagen molecules indicates the presence of 
additional water molecules between the collagen molecules within the fibril causing 
expansion between the molecules. On drying, the intermolecular lateral packing reflection 
decreased to approximately 1.24nm due to the loss of water molecules from within the fibrils. 
The intermolecular lateral packing reflection for the hydrated state did not to return on drying 
to a similar value for the intermolecular lateral packing o f dry collagen. This may have been 
a consequence of incomplete air-drying o f the parchment samples. An increase in the 
intermolecular lateral packing peak width for most samples from the dry state to the hydrated
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state was observed, demonstrating an increase in local disorder. The peak width decreased on 
air-drying.
It is proposed that the addition and removal of water molecules within a fibril may cause 
degradation of the parchment. Over time, this repetitive movement induced by the addition 
and removal of water molecules within a fibril, results in an increase in disorder causing 
permanent damage and loss o f structure.
4.5.1.3 The effect o f hydration and air-drying on the axial structure (D-period)
Previous studies have shown that the D-period o f parchment varies greatly from sample to 
sample and is heavily dependent on a number o f factors. These include the type of animal 
skin from which the parchment was made, and the processes and methods involved in 
parchment manufacture and storage (Wess and Orgel, 2000; Maxwell et al., 2006). The 
average D-period that has been reported for parchment is approximately 63nm in the dry state 
and 65.5nm in the hydrated state (Wess and Orgel, 2000; Maxwell et al., 2006). Results from 
this study showed an increase in the D-period upon the hydration of dry parchment samples. 
When the hydrated samples were air-dried, the D-period was observed to decrease. The 
reduction in the D-period on air-drying could result from tilting and breaking of amino acid 
chains as discussed in section 1.2.8. It is proposed that on drying the collagen molecules 
experience an increase in intermolecular local tension, giving rise to a breakage of amino acid 
chains, as well as the collapse and tilting of collagen molecules. It is postulated that the 
continuous induction of strain in the axial structure could be the basis for irreversible 
damage.
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4.5.2 Drying series samples
The previous experiment investigated the effect o f hydration and air-drying on the structure 
of collagen present in a range o f different parchment samples. This gave an insight into the 
structure in a dry, hydrated and air-dried state but did not provide any information on the 
transition from hydrated to air-dry. Therefore, a drying series experiment was proposed to 
investigate the structure o f hydrated collagen as it dries.
4.5.2.1 The effect on the axial structure (D-period) during the transition from the 
hydrated to air-dried state
Results showed a decrease in the D-period for all parchment samples when hydrated and 
allowed to air-dry. This reduction in the D-period could indicate that during this transition 
the collagen molecules may move past each other causing an alteration in the quarter- 
staggered arrangement of the collagen molecules. A variety o f alterations may occur 
including titling or breaking o f the collagen molecules. Chapter 6 investigates these 
modifications in the collagen structure by the use o f computer-aided molecular models. As 
well as the reduction in D-period, an initial increase in the D-period was observed in the 
samples USH01, USH03, USH05, USH07, USH09 and the modem parchment sample. This 
effect has not been previously observed.
It is hypothesised that the initial increase in D-period was due to a local increase in the 
tension of the collagen fibrils during the drying process. It is possible that this type of 
internal strain could result in irreversible damage to the parchment. The other collagen-based 
tissues investigated (tendon and skin) showed a decrease in the axial D-period on drying, and
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no initial increase in the D-period, as observed in parchment.
4.5,3 Conclusions
Overall, this study indicated that parchment is a heterogeneous material, with each sample 
reacting in a different way to hydration and air drying. It has shown that parchment is 
complex and inconsistent, as each sample differs physically from the next. At present 
conservators often treat all parchment samples as a homogeneous material. Frequently 
parchment samples are stored under the same conditions and undergo identical treatments. 
However, this study has underlined the potential need to treat each parchment as an 
individual item as well as to store and conserve each parchment on an individual basis.
This Chapter has highlighted the need for a larger investigation into how different 
parchments react to hydration and air-drying. One possible future experiment would be to 
include more degraded parchments in a much greater sample set.
Overall, this Chapter has shown that X-ray diffraction has proven to be a valuable 
investigative technique, assisting in the detailed analysis o f the collagen structure at various 
hierarchical levels. This study into hydrated, dry and air-dried parchment has shown that 
there is a potential need to investigate the effect o f relative humidity on parchment. This 
Chapter provided a platform from which the effect o f relative humidity on parchment can be 
addressed in Chapter 5.
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Chapter 5: The Effect of Relative Humidity on 
the Structural Integrity of Parchment
5.1 Introduction
The structural dynamics o f collagen that may lead to its deterioration and the subsequent 
macroscopic fatigue and brittleness o f parchment can be attributed to a range of factors, 
including inappropriate temperature levels, an unsuitable relative humidity range, mechanical 
damage, radiation damage and bacterial/fungal growth (Kennedy et al., 2004c). An important 
factor which is relatively unstudied is the effect o f relative humidity (RH) on parchment. 
High humidity conditions can trigger microbiological growth on the surface o f parchment, 
while low humidity conditions cause the collagen fibres to shrink and harden (Hansen et al., 
1992). After centuries o f exposure to the fluctuating humidity conditions, often found in 
collections, it is possible for parchment samples to present significant visual damage. As 
technology allows us to become more adept at identifying changes in parchment structure at a 
number of hierarchical levels, we are able to investigate the changes that are critical to long­
term survival/deterioration o f parchment and allow us to inform conservation from a firm 
science based approach.
At present, our understanding o f how RH misuse affects the structural integrity of historical 
parchment is qualitative and limited (Hansen et al., 1992; Woods, 1995). A more detailed 
model of collagen behaviour is required to explain the structural rearrangements that occur in 
the molecular packing o f collagen at various levels o f RH. Storage recommendations for 
parchment seem to vary greatly, with a number o f different research reports suggesting an
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environment with a variety o f ranges o f RH as discussed in Chapter 1.
X-ray diffraction is a non-invasive technique that can be utilised to measure changes at 
different structural levels o f the collagen hierarchy. In this study, X-ray diffraction is used to 
investigate the structural integrity o f the collagen within parchment to assess the effect of 
different levels o f RH. Two separate studies have been conducted, the first looking at the 
effect o f a range o f fixed humidity levels on a number of different parchment samples, and 
the second investigating the effect o f humidity cycling on the collagen integrity of three 
scrolls that have been subjected to varying humidity conditions for 6 months.
5.2 Experimental
5.2.1 Parchment Sample preparation
5.2.1.1 Parchment stored at a fixed hum idity level
A series of modem and historical parchment samples in varying condition were used in this 
study. The historical parchment samples donated by the National Archives of Scotland 
(NAS) have been judged to be in an intact state (both visually and structurally) by 
conservators at NAS. In addition to these intact samples, parchments considered to be 
structurally degraded are required in order to fully assess the effects o f relative humidity. 
The Bodleian Library, Oxford University (UK), gifted the historical parchment samples 
considered to be in a poor condition (as judged by the conservators). It should be noted that 
visual evaluation o f parchment condition is highly subjective as a technique, and conservators
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frequently rely on this form o f analysis. Parchment that can appear intact on visual 
inspection can often show no presence o f an axial collagen structure and vice versa. This 
study has therefore used X-ray diffraction as a system to determine the condition of our 
parchment. All the parchment samples used in this study were allocated as either in a poor 
condition or in a good condition (as judged by X-ray diffraction). This was based on the 
parchment evaluation system derived by the Improved Damage Assessment of Parchment 
project (IDAP), which provided an interactive tool in the form o f a database for damage 
assessment of and research into parchment (Larsen, 2002). Single X-ray diffraction images 
were collected from all samples that were categorised as degraded or intact. Samples 
considered degraded showed weak axial meridional reflections whereas the samples 
considered intact demonstrated clear axial meridional reflections.
The collection of modem and historical parchment samples sourced for the study were stored 
under different levels o f relative humidity using saturated salt solutions. These levels 
included 11%RH, 31%RH, 47%RH, 75%RH, 85%RH and a control sample kept under room 
conditions (which fluctuated between 40%RH and 50%RH). The use of saturated salt 
solutions provides a convenient method for the creation of different relative humidity levels 
(Hansen et al., 1992; Dubovikov and Podmumaya, 2001). Saturated salt solutions, with solid 
salt present, maintain a stable concentration and hence a constant relative humidity 
(Dubovikov and Podmumaya, 2001). The parchment samples were enclosed in a sealed 
plastic chamber with the desired saturated salt solution for a period of one month. A full list 
of the salts used to create the desired relative humidity values is listed in Table 5.1.
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Salt Solution Name, 
Chemical Formula
Relative Humidity 
Level from the 
Literature (±4%RH)
Actual Measured 
Relative Humidity 
Level (±5%RH)
Lithium Chloride, LiCl 11%RH 10%RH
Calcium Chloride, CaCb 31%RH 33%RH
Potassium Thiocyanate, KSCN 47%RH 47%RH
Sodium Chloride, NaCl 75%RH 73%RH
Potassium Bromide, KBr 84%RH 85%RH
Table 5.1: Full list of the salts used to create the desired relative humidity values. The 
measured relative humidity levels were calculated using a Humidity and Temperature 
Probe Meter.
All modem and ancient parchment samples were stored under different levels of relative 
humidity using saturated salt solutions. The sample collection, RH levels and any additional 
treatments are fully listed in Table 5.2. The measured relative humidity levels were 
calculated using a Humidity and Temperature Probe Meter. In addition to investigating the 
parchment samples considered degraded and intact, artificially degraded samples were also 
produced. This was achieved by subjecting parchment samples to a 60-second dose of 
microwaves in a fully hydrated state. The use o f microwaves causes the collagen within 
parchment to become partially denatured.
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Sample
Code
Parchm ent T reatm en t
H um idity
(±4% R H )
Sample
Code
Parchm ent Treatm ent
Humidity
(±4% RH)
Sample Set Sample Set
1 2
MUC Modem Untreated Control MMC Modem Microwave Control
MU11 Modem Untreated 11% MM11 M odem Microwave 11%
MU31 Modem Untreated 31% MM31 Modem Microwave 31%
MU47 Modem Untreated 47% MM47 Modem Microwave 47%
MU75 Modem Untreated 75% MM75 Modem Microwave 75%
MU 84 Modem Untreated 84% MM84 M odem Microwave 84%
Sample Set Sample Set
3 4
BaUC Bodleian a Untreated Control BbUC Bodleian b Untreated Control
B a U ll Bodleian a Untreated 11% B b U ll Bodleian b Untreated 11%
BaU31 Bodleian a Untreated 31% BbU31 Bodleian b Untreated 31%
BaU47 Bodleian a Untreated 47% BbU47 Bodleian b Untreated 47%
BaU75 Bodleian a Untreated 75% BbU75 Bodleian b Untreated 75%
BaU84 Bodleian a Untreated 84% BbU84 Bodleian b Untreated 84%
Table 5.2: Sample list and treatments applied to the parchment samples. All samples 
were sorted into four different sample sets including ‘modern untreated’, ‘modern 
artificially degraded’, ‘Bodleian a untreated’ and ‘Bodleian b untreated’. Each of these 
sets were subjected to various levels of relative humidity including 11%RH, 31%RH, 
47%RH, 75%RH, 85%RH and a control sample kept at an ambient relative humidity 
(fluctuated between 40-50%RH).
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5.2.1.2 Parchment subjected to humidity cycling
In addition to parchment that was humidified specifically for this study, a collection of 
parchments that had been subjected to humidity cycling in a library environment were gifted 
by Dr. Ira Rabin from the Artifacts Treatment and Conservation department at the Israel 
Antiquities Authority. Two samples were sourced from three different scrolls, LT1, LT2 and 
LT3. The first sample taken from all three scrolls was stored in the depository at a constant 
temperature and relative humidity during both night and day. The second sample was placed 
in the laboratory during the day, and subjected to fluctuating humidity conditions. During the 
night these second samples were kept in the depository under constant conditions. The scroll 
samples were stored in this manner for a 6 month time period. Table 5.3 outlines the 
conditions under which the three scrolls were stored.
Parchment Sample 
Code
Day Conditions 
(8-9 hours a day)
Night Conditions 
(15-16 hours a day)
LTld
In Depository 
19°C(±1°C) 
50%RH (±2%)
In Depository 
19°C(±1°C) 
50%RH (±2%)
LT2d
In Depository 
19°C(±1°C) 
50%RH (±2%)
In Depository 
19°C (±1°C) 
50%RH (±2%)
LT3d
In Depository 
19°C(±1°C) 
50%RH (±2%)
In Depository 
19°C (±1°C) 
50%RH (±2%)
LT1L
In Laboratory 
Variable Temperature 
30-60%RH
In Depository 
19°C(±1°C) 
50%RH (±2%)
LT2L
In Laboratory 
Variable Temperature 
30-60%RH
In Depository 
19°C (±1°C) 
50%RH (±2%)
LT3L
In Laboratory 
Variable Temperature 
30-60%RH
In Depository 
19°C (±1°C) 
50%RH (±2%)
Table 5.3: Conditions of storage for each of the two samples taken from three different
parchment scrolls.
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5,2,2 Data Collection at SRS Dares bury, Station 2,1
Small-angle X-ray scattering (SAXS) images were obtained from all parchment sample sets 
in this study in order to analyse the effects o f various relative humidity levels on the 
structural integrity o f parchment. Small Angle X-ray Scattering (SAXS) experiments were 
carried out at Beamline 2.1, Synchrotron Radiation Source (SRS) Daresbury, UK using a 
sample to detector length o f 4.25m. An X-ray beam with a fixed wavelength of 0.154nm was 
focused on each sample, which was attached to a computer controlled X-Y elevation stage to 
provide sample mobility (Grossman, 2002). Hydrated rat-tail tendon was used to calibrate 
the images and background images were subtracted from all data collected and images were 
analysed using the CCP13 (Collaborative Computational Project 13) program FibreFix 
(Rajkumar et al., 2005). Small-angle images were converted from two-dimensional into one­
dimensional linear intensity plots. In addition, Peakfit4 (AISL) software was utilised in the 
analysis of the linear profiles.
5,2,3 Data Collection at SRS Daresbury, Station 14,1
Wide-angle X-ray scattering (WAXS) was also conducted at the Synchrotron Radiation 
Source (SRS) Daresbury U.K. using station 14.1, with the X-ray wavelength set to 0.148nm, 
a sample-to-camera length fixed at 140mm and the powder diffraction rings of calcite used to 
calibrate the data. Full details regarding the experimental set-up o f station 14.1 is given in 
Chapter 3. Station 14.1 was used to collect wide-angle patterns from the parchment subjected 
to humidity cycling. Background images were removed from data and the wide-angle images 
were converted, using the same methodology applied to the SAXS data.
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5.2.4 Data Collection on the Bruker NanoStar Facility
Wide Angle X-ray Diffraction patterns were also collected on the NanoStar (Bruker AXS, 
Karlsruhe) X-ray facility at Cardiff University, UK using a sample-to-detector length o f 4cm. 
A Kristalloflex 760 X-ray generator produced an 0.154nm wavelength X-ray beam which 
was focused using a series o f Gobel mirrors and a collimation system (Maxwell et al., 2006). 
The data was collected on a HI-STAR 2d detector and all images were calibrated using 
calcite. The NanoStar facility was used to collect wide-angle patterns from the parchment 
stored at a fixed humidity level. Background images were subtracted from all data collected 
and images were analysed using the CCP13 (Collaborative Computational Project 13) 
program FibreFix (Rajkumar et al., 2005). Wide-angle images were converted from two- 
dimensional into one-dimensional linear intensity plots using the same method as the SAXS 
data. In addition, Peakfit4 (AISL) software was used in the analysis o f the linear profiles.
5.3 Results
5.3.1 Parchment stored at a fixed  humidity level
5.3.1.1 Small-angle X-ray Scattering Analysis
Scattering X-rays at small angles (<6°) gives information regarding the long-range order of 
structures (Glatter and Kratky, 1982). Collagen fibrils from skin exhibit a fundamental axial 
periodicity of ~65.5nm which is observable within the capacity o f SAXS (Brodsky et al.,
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1980). The fundamental axial periodicity is the result o f regular fluctuations in the electron 
density of collagen in the axial direction (Hodge and Petruska, 1963), varying from sample to 
sample and observed to increase upon hydration (Wess and Orgel, 2000). The SAXS images 
for the modem parchment, both untreated and artificially degraded are shown in Figure 5.1. 
Figure 5.1 (A) highlights the fifth to tenth orders o f collagen diffraction in untreated 
parchment, where little movement is observed in all the diffraction peaks. Figure 5.1 (B) also 
shows the fifth to tenth orders o f collagen meridional diffraction in degraded parchment, 
where a variation of the peak positions as a consequence of RH is observed.
Untreated
Treated
Figure 5.1: (A) Small-angle X-ray scattering image of m odern untreated parchm ent as 
a function of RH. The fifth to tenth orders of collagen diffraction are shown. (B) Small- 
angle X-ray scattering image of m odern artificially degraded parchm ent (degraded with 
a 60 second dose of microwaves with an energy of 900W). The fifth to tenth orders of 
collagen diffraction are shown with the fifth and tenth orders highlighted.
The largest shift in peak position is seen on the artificially degraded sample subjected to 
84%RH. The D-period values for all the parchment samples are shown in Table 5.4. The
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untreated parchment samples show very little fluctuation in the D-period upon humidification 
while the artificially degraded parchment samples showed a significant decrease in the D- 
period. The artificially degraded parchment sample showed a dramatic decrease from 
63.86nm for the control sample to 61.40nm for the sample that was stored at 84%RH. In 
contrast, for the artificially degraded parchment sample, no significant difference was seen in 
the D-period from 63.86nm for the control sample, to 63.75nm for the sample that was stored 
at 11%RH. This shows that there is a larger structural variation in collagen at high 
humidities than found at lower humidities.
Modern Untreated Samples Control 11%RH 31%RH 47% RH 75% RH 84%RH
Average D-period (nm) 63.79 63.93 64.07 63.79 63.93 63.92
Std dev 0.25 0.10 0.11 0.28 0.13 0.08
Artificially Degraded Samples Control 11%RH 31%RH 47%RH 75%RH 84%RH
Average D-period (nm) 63.86 63.75 63.75 63.22 63.10 61.40
Std dev 0.09 0.20 0.09 0.15 0.18 0.17
‘Bodleian a’ Samples Control 11 %RH 31%RH 47%RH 75%RH 84%RH
Average D-period (nm) 64.83 62.98 64.82 64.82 64.82 65.04
Std dev 0.17 0.14 0.15 0.13 0.29 0.14
‘Bodleian b’ Samples Control 11%RH 31%RH 47%RH 75%RH 84%RH
Average D-period (nm) 65.25 65.04 65.04 65.25 65.25 65.25
Std dev 0.19 0.18 0.07 0.16 0.20 0.13
Table 5.4: The calculated average D-period for modern parchment samples (both
untreated and artificially degraded). Also provided are the calculated D-period values 
for the ‘Bodleian a’ sample set and the ‘Bodleian b’ sample set.
The modem untreated parchment demonstrated no significant difference in the D-period 
between the sample stored at 11%RH and the sample stored at 84%RH (Fi g = 1.90, p = 
0.91). The modem artificially degraded parchment demonstrated a significant difference in
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the D-period between the sample stored at 11%RH and the sample stored at 84%RH (F^g = 
1.30, p < 0.0001). The Bodleian ‘a ’ sample (naturally degraded) also showed a significant 
difference in the D-period between the sample stored at 11 %RH and the sample stored at 
84%RH (Fi>8= 1.05, p < 0.0001).
The small-angle X-ray scattering images for the proposed degraded samples, ‘Bodleian a ’ 
and ‘Bodleian b’ at all humidity ranges are shown in Figure 5.2. These parchment samples 
demonstrate a greater movement in the diffraction peaks for the low levels o f humidity as 
well as the high levels of humidity. Both ‘Bodleian a’ and ‘Bodleian b’ demonstrated a 
decrease in D-period from the control samples to the samples stored at low humidities while 
an increase in D-period from the control samples to the samples stored at high humidities. 
The D-period values for all the parchment samples are shown in Table 5.4.
Bodleian
a
Bodleian
b
Figure 5.2: (A) Small-angle X-ray scattering image of ‘Bodleian a ’ parchm ent sample. 
The fifth to tenth orders of collagen diffraction are shown. (B) Small-angle X-ray 
scattering image of ‘Bodleian b ’ parchm ent sample. The fifth to tenth orders of 
collagen diffraction are shown, where the sixth and ninth orders of axial collagen 
diffraction are labeled as (6) and (9).
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5.3.1.2 Wide-angle X-ray scattering Analysis
The key features in collagen at wide-angles are the reflections seen at 0.29nm and 1.2nm 
(Meek and Quantock, 2001a; Sionkowska et al., 2004a). The reflection seen at 
approximately 0.29nm relates to the helical rise per residue, which is the distance between the 
amino acid residues along the collagen triple helices. The intermolecular lateral packing 
corresponds to the distance between one collagen molecule and its nearest neighbour, which 
is observed at approximately 1.2nm.
The helical rise per residue value for the collagen molecules in all samples appears to be 
unchanged. This implies there is little or no alteration to the arrangement o f amino acid 
residues within the collagen triple helix. Figure 5.3 (A) and (B) show the wide-angle X-ray 
diffraction images for the modem untreated parchment and the modem artificially degraded 
parchment respectively. The intermolecular packing in both the modem untreated samples 
and the modem artificially degraded samples is relatively unchanged. This implies that 
varying the level of humidity has little or no obvious effect on the structural features o f 
collagen at this hierarchical level.
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Untreated
Treated
Figure 5.3: (A) Wide-angle X-ray diffraction image of modern untreated parchm ent. 
(B) Wide-angle X-ray diffraction image of m odern artificially degraded parchm ent 
(degraded with a 60 second dose of microwaves, with an energy of 900W).
Figure 5.4 (A) and (B) show the wide-angle X-ray diffraction of parchment samples 
‘Bodleian a’ and ‘Bodleian b \  The helical rise per residue and the intermolecular packing is 
unchanged in both samples at all humidity levels. This further enforces the proposal that 
varying the level of humidity has little or no obvious effect on the structural features o f 
collagen at this hierarchical level.
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Figure 5.4: (A) W ide-angle X -ray diffraction image of parchm ent sample ‘Bodleian a ’. 
(B) W ide-angle X -ray d iffraction image of parchm ent sample ‘Bodleian b \  An 
undefined peak is seen a t approxim ately  2.91ml'1.
5.3.2 Parchment subjected to humidity cycling
5.3.2.1 Small-angle X-ray Scattering Analysis
Small-angle X-ray diffraction patterns were collected at Station 2.1 for all six samples 
subjected to humidity cycling. The two-dimensional X-ray diffraction patterns for the six 
samples are shown in Figure 5.5.
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LTld
Figure 5.5: Small-angle X-ray diffraction images collected on all samples at SRS
Daresbury station 2.1 at a sam ple to detector distance of 4.25m. L T ld , LT2d and LT3d 
(top row from left to right). LT1L, LT2L and LT3L (bottom row from left to right).
LT1L
LT2d LT3d
LT2L LT3L
Kept at 
constant 
Humidity
Humidity
Cycled
Samples sourced from the scrolls LT1 and LT2 show very clear reflections from the third to 
the twelfth orders of collagen axial diffraction when kept under constant conditions and when 
subjected to humidity cycling. These samples displayed strong sixth and ninth orders of 
diffraction which is expected in reasonably intact parchment. Samples sourced from the 
scroll LT3 displayed weaker reflections than the other samples in both sets of conditions. 
One-dimensional linear traces o f samples LTld and LT1L are shown in Figure 5.6 where the 
sixth and ninth orders o f diffraction are indicated.
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Figure 5.6: Small angle X-ray diffraction one-dimensional linear trace for samples
L T ld  and LT1L. The sixth and ninth orders of diffraction are indicated.
Figure 5.6 shows little difference in the axial D-period between the sample stored under 
constant conditions (LTld) and the sample subjected to humidity cycling (LT1L). One­
dimensional linear traces o f samples LT2d and LT2L are shown in Figure 5.7 where the sixth 
and ninth orders o f diffraction are indicated.
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Figure 5.7: Small angle X-ray diffraction one-dimensional linear trace for samples
LT2d and LT2L. A shift in the D-period (axial periodicity) is visible, from a lower D- 
period for the parchm ent kept at constant conditions (LT2d) to a higher D-period value 
for the parchm ent kept at fluctuating conditions (LT2L). The sixth and ninth orders of 
diffraction are indicated.
Figure 5.7 shows the reflections to a lower D-period for the parchment kept at constant 
conditions and a higher D-period for the parchment kept at fluctuating conditions (30%- 
60%RH). This indicates that the sample subjected to the humidity cycling (LT2L) has a 
higher D-period than the sample kept under constant conditions (LT2d). One-dimensional 
linear traces of samples LT3d and LT3L are shown in Figure 5.8 where the sixth and ninth 
orders of diffraction are indicated.
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Figure 5.8: Small angle X-ray diffraction one-dimensional linear trace for samples
LT3d and LT3L. The sixth and ninth orders of diffraction are indicated.
A shift in the D-period is also seen in the samples from scroll LT3 indicating that the sample 
subjected to the humidity cycling (LT3L) has a higher D-period than the sample kept under 
constant conditions (LT3d). Samples LT3d and LT3L demonstrated weaker orders of 
collagen axial diffraction than both the samples taken from scrolls LT1 and LT2.
Table 5.5 shows the calculated D-period values for each sample.
Sample Code Average D-period (nm) 
(± 0.2nm)
Std dev
LTld 65.2 0.20
LT1L 64.7 0.12
LT2d 64.8 0.25
LT2L 65.2 0.06
LT3d 63.6 0.32
LT3L 64.4 0.17
Table 5.5: The calculated values for the average D-period from all six scroll samples, 
where L T ld , LT2d and LT3d were stored at constant humidity. LT1L, LT2L and 
LT3L were subjected to fluctuations in humidity. All the parameters are calculated 
from the linear traces using PeakFit software.
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5.3.2.2 Wide-angle X-ray scattering Analysis
Wide-angle X-ray diffraction patterns were collected at Station 14.1 for all six samples 
subjected to humidity cycling. The two-dimensional X-ray diffraction patterns for the six 
samples are shown in Figure 5.9. The lateral packing (LP) and the helical rise per residue 
(HR) are indicated.
L T ld LT2d LT3d
LT2LLT1L
Figure 5.9: Two-dim ensional W ide-angle X-ray diffraction images collected on all
samples at SRS D aresbury station 14.1 at a sample to detector distance of 140cm. 
LTld, LT2d and LT3d (top row from left to right). LT1L, LT2L and LT3L (bottom 
row from left to right). The lateral packing (LP) and the helical rise per residue (HR) 
are indicated.
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All samples show the presence o f reflections at 1.2nm and 0.29nm, corresponding to the 
lateral packing of the collagen molecules and the helical rise per residue respectively. 
Samples LT3d and LT3L show the presence o f mineral in the sample, with a strong calcite 
reflection present at 0.3nm in real space.
One-dimensional linear traces o f samples LT ld  and LT1L are shown in Figure 5.10 where 
the lateral packing reflection and the helical rise per residue reflection are indicated.
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Figure 5.10: W ide-angle X -ray diffraction one-dimensional linear trace for samples 
LTld and LT1L. The helical rise p e r residue rem ains unchanged at 0.28nm The 
lateral packing is also unaffected a t 1.2nm '1.
One-dimensional linear traces o f samples LT2d and LT2L are shown in Figure 5.11 where 
the lateral packing reflection and the helical rise per residue reflection are indicated.
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Figure 5.11: W ide-angle X -ray diffraction one-dimensional linear trace for samples 
LT2d and LT2L. The helical rise per residue remains unchanged at 0.28nm '\ The 
lateral packing is also unaffected at 1.2nm ''.
One-dimensional linear traces o f samples LT3d and LT3L are shown in Figure 5.12 where 
the lateral packing reflection and the helical rise per residue reflection are indicated.
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Figure 5.12: W ide-angle X-ray diffraction one-dimensional linear trace for samples 
LT3d and LT3L. The helical rise per residue remains unchanged at O ^n m "1. The 
lateral packing is also unaffected at l.2 n m '1. A reflection due to the mineral calcite is 
observed at O^nm"1. The other samples show no presence of calcite.
Across all samples there was a variation in the D-period, whereas the calculated values for 
the lateral packing distance remained unchanged at 1.2nm, and the helical rise per residue 
remained constant at 0.28nm.
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5.4 Discussion
5.4.1 Introduction
X-ray diffraction has proven an extremely useful non-invasive technique for providing 
information regarding the molecular packing of collagen and the structural changes that occur 
within samples at varying RH values. This work aimed to correlate macroscopic changes in 
the visible appearance o f parchment with the alterations seen in the nanoscopic structure of 
collagen. The structural studies on parchment were conducted at the Synchrotron Radiation 
Source (SRS), Daresbury and used the in-house NanoStar facility, where X-ray diffraction 
images were collected from a series o f parchment samples of varying condition.
5.4.2 The effect o f  relative humidity on untreated modern parchment
The modem untreated parchment exhibited visual alterations at a macroscopic level but 
displayed no visible change in the small-angle or the wide-angle X-ray diffraction data. This 
implies that although the parchment stored at levels of high and low humidity had visually 
degraded, no significant alterations occurred at a nanoscopic level. It is proposed that 
additional changes to the parchment upon humidification were occurring at a different 
structural level to that observed.
159
5.4.3 The effect o f  relative humidity on artificially degraded modern
parchment
Changes were observed in both the visual appearance of the parchment and the X-ray 
diffraction data. The parchment subjected to higher humidities was more flexible to the 
touch than the control parchment, while the opposite was found for the parchment subjected 
to lower humidities. By storing the modem artificially degraded parchment in a moist 
environment with 84%RH, the addition o f water molecules into the parchment structure was 
allowed to take place. We propose that this addition of water molecules caused swelling of 
the parchment structure and movement o f the collagen molecules.
As water is removed from the system, it is proposed that the collagen molecules undergo 
structural rearrangement. The structural rearrangement seen in dry collagen has been 
previously discussed by a number o f studies (Wess and Orgel, 2000; Buehler, 2006). Three 
possible mechanisms have been suggested to occur in parchment upon drying; these are 
outlined in Figure 5.13.
(A) Shearing (B) Breaking (C) Tilting
Overlap Gap 0verlap Gap * Overlap *  * Gap *
Figure 5.13: Three proposed degradative mechanisms of fibrillar collagen that possibly 
occur in parchment upon drying, (A) the shearing of laterally adjoined molecules 
relative to each other, (B) breakages in the amino acid chains of the collagen molecules 
and (C) the induction of molecular tilting within the staggered array of collagen 
molecules.
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When hydrated collagen is allowed to air dry the water that exists between the fibres migrates 
to the surface o f the parchment and evaporates (Haines, 1999). It has been proposed that 
significant structural alterations occur within parchment due to the shortening of collagen 
fibres and their subsequent collapse, although there is no quantitative data to support this 
argument. It is these large structural changes that make repairing water damage to parchment 
extremely difficult and time consuming (Hingley, 2001). One of the major effects of water 
damage is the distortion and rippling o f the parchment. Humidification is the most 
commonly used technique to correct for this surface distortion.
By storing the artificially degraded parchment in a relatively dry environment with 11%RH, 
the removal o f water molecules from the parchment structure was allowed. The D-period 
for the artificially degraded parchment shows a greater change from the control at higher 
humidities rather than lower humidities. Therefore it is suggested that the addition of water 
to the system beyond equilibrium is more harmful to the collagen integrity than the removal 
of water.
The results have demonstrated that parchment samples of poor condition (considered by X- 
ray diffraction to be degraded at the outset) show significant changes within the X-ray 
diffraction patterns under different levels of humidity. In contrast, humidification of 
parchment samples in good condition (considered intact at the outset as judged by X-ray 
diffraction) has very little effect on the X-ray diffraction. It is therefore suggested that the 
presence o f degraded collagen within the parchment sample allows further degradation by 
extreme levels o f humidification, which is detrimental to the structural integrity of the 
parchment.
161
5,4,4 The effect o f  relative humidity on degraded parchment
The parchment investigated was artificially degraded using microwaves. To conclusively 
assess the effect o f relative humidity on parchment then historically degraded parchment is 
required. Two historical degraded parchment samples were investigated, ‘Bodleian a’ and 
‘Bodleian b \  The samples exhibited visual alterations at a macroscopic level but displayed 
no visible change in the wide-angle X-ray diffraction data. There were no visible alterations 
at a molecular level or in the molecular interactions. The small-angle X-ray diffraction data 
demonstrated a change in the diffraction peaks for the low levels of humidity as well as the 
high levels of humidity. Both samples when stored at low humidities exhibited a decrease in 
the D-period when compared with the control sample. The reverse was found when stored at 
high humidities, the D-period increased. This is in agreement with the data collected on the 
artificially degraded modem parchment samples.
5,4,5 The effect o f  relative humidity cycling on historical parchment
Six parchment samples were sourced from three different scrolls and were investigated using 
small-angle and wide-angle X-ray diffraction. One sample from each scroll was kept in 
constant environmental conditions whereas the other samples from each scroll were subjected 
to humidity cycling.
Samples from all three scrolls were found to react differently to humidity cycling. Samples 
taken from scroll LT1 showed a small difference in the X-ray diffraction patterns after 
humidity cycling for a 6-month period. The sample that was subjected to humidity cycling 
(LT1L) was found to have a smaller D-period than the sample kept under constant conditions
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(LTld). Samples taken from scroll LT2 showed a change in the axial D-period in the small- 
angle X-ray diffraction patterns after humidity cycling for 6 months. The sample that was 
subjected to humidity cycling (LT2L) was found to have a larger D-period than the sample 
kept under constant conditions (LT2d). Samples taken from scroll LT3 showed a difference 
in the X-ray diffraction patterns after humidity cycling for 6 months. The sample that was 
subjected to humidity cycling (LT3L) was found to have a larger D-period than the sample 
kept under constant conditions (LT3d).
This study has reinforced the theory that each parchment sample reacts differently under 
humidity cycling. This has indicated the need for a larger study to be completed and for each 
parchment sample to be treated as a heterogeneous material.
5.4.6 Conclusions
The effect of relative humidity on parchment is o f great importance in document conservation 
and storage in a variety o f locations including libraries and archives. This study has shown 
that under extreme levels o f humidity structural alterations occur in the collagen structure. A 
variation in the axial D-period is observed in samples considered in a degraded state upon 
humidification whereas little or no alteration is seen in the axial D-period in samples 
considered in an intact state upon humidification. This may be due to the presence of 
partially degraded collagen within the samples that accelerates the effect o f humidity upon 
the collagen present. However not all the changes observed in the macroscopic properties 
can be described at structural levels amenable to X-ray diffraction. There is therefore a vital 
need to relate changes to visual and macroscopic structural properties to the changes in the 
fibrillar/suprafibrillar architecture. Consequently, there is a need to find a technique that will 
relate the changes observed in the mesostructure of parchment, where it is proposed that
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change is occurring.
Overall, findings have shown that relative humidity has an extremely varied effect on 
parchment and greatly depends on the integrity o f the collagen present within the parchment. 
This indicates that the need for a comprehensive mechanism of humidity control of the 
environment in which parchment samples are kept is exceedingly important, particularly 
those that are believed to be in a more degraded state.
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Chapter 6: Molecular Modelling of Changes in 
Fibrillar Collagen
6.1 Introduction
Collagen is a fibrous structural protein that plays an essential role in many biological tissues, 
including tendon, cornea, bone and skin (Traub and Piez, 1971). The mechanical properties 
of collagen are highly dependent on the hierarchical architecture at the nano and micron 
length scale, where it is vital to understand the structural response to deformation at each 
level in the structural hierarchy.
The use of X-ray diffraction is a valuable non-invasive technique that allows us to investigate 
the structural, chemical, and physical properties o f materials, and has proven itself as an 
excellent technique to investigate the structure and molecular packing within collagen fibrils. 
Structural models have been created that sufficiently account for the X-ray fibre diagram 
collected from native, hydrated collagen (for example, tendon and skin) (Wess et al., 1998ab; 
Wess and Orgel, 2000; Cameron et al., 2002). Although a model has been proposed for the 
native state o f collagen, no model has satisfactorily explained the X-ray diffraction patterns 
collected from collagen that has been altered from its native structure by sources such as 
drying, X-ray radiation damage and mechanical deformation. While significant research has 
been conducted on the native structure o f collagen, recent studies have also begun to focus on 
deformation o f collagen hierarchical structures (Mosler et al., 1985; Folkhard et al., 1987; 
Sasaki and Odajima, 1996a; Wess and Orgel, 2000; Buehler, 2006). Structural models of 
subfibrillar arrangements have been suggested to account for the deformation of collagen
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resulting from drying and mechanical deformation, however, they do not give an adequate 
explanation o f the changes observed in the X-ray fibre diagram. The structural changes 
observed in collagen that has been damaged by an intense dose of X-ray radiation have not 
previously been explored, and no models have been produced to explain the X-ray diffraction 
patterns observed. Therefore, more rigorous models are needed in order to understand the 
changes that can occur in fibrillar collagen upon structural deformation and chemical 
modification.
6.1.1 Changes in Fibrillar Collagen as Observed by X-ray Diffraction
This section discusses the changes seen in X-ray diffraction patterns collected after 
deformation resulting from drying, X-ray radiation damage and mechanical testing of 
collagen based tissues. The possible explanations for the observed changes in the X-ray 
diffraction patterns will be discussed in section 6.1.2, and structural models that can be 
constructed in order to account for these will be demonstrated later in this Chapter.
6.1.1.1 Changes in Fibrillar Collagen resulting from Drying
The structure and molecular packing within fibrils is well documented in the native hydrated 
state, but less is understood in relation to the structural alterations that occur when drying. To 
appreciate the underlying mechanics o f collagen deformation, it is essential to understand the 
changes in collagen structural order that occur through drying. Figure 1.11 (Chapter 1, page 
38) shows two-dimensional small-angle X-ray diffraction patterns from hydrated and air- 
dried collagen fibres from rat-tail tendon.
166
Figure 1.11 demonstrates the difference seen in the meridional features of the X-ray fibre 
diagram between native hydrated collagen and air-dried tendon collagen. The principle effect 
visible in X-ray diffraction patterns for dry rat-tail tendon collagen is the shortening of the D- 
period from the characteristic 67nm to around 65nm (Stinson and Sweeny, 1980; Wess and 
Orgel, 2000). A further difference observed is a decrease in the number of meridional 
reflections visible in the diffraction series: up to 140 meridionals are observed in the hydrated 
state, while only up to 40 meridionals are visible in the dry state (Wess and Orgel, 2000). 
The meridional reflections also display a widening or fanning of the meridionals in dry 
collagen at angles o f up to 20 degrees (Rougvie and Bear, 1953). In a few cases, the 
meridional reflections are more intense at the outer edges than in the central regions 
(observed in the 25th and 28th reflections for dry tendon (a) seen in Figure 1.11). Some 
reflections are split into three areas o f intensity parallel to the equator. This phenomenon is 
observed more easily at the higher orders o f X-ray diffraction o f collagen than the lower 
orders.
In summary, the drying o f collagen causes large structural changes at a molecular level; there 
are four main changes seen in the two-dimensional X-ray diffraction pattern of rat-tail tendon 
collagen on drying:
• A shortening o f  the D-period from the characteristic 67nm D-period to around 
65nm.
• A decrease in the number o f visible meridional reflections from approximately 140 
visible reflections in the hydrated state compared with approximately 40 reflections 
in the air-dried state.
• A widening or fanning o f meridional reflections producing angles of up to 20 
degrees from the meridian.
• A redistribution o f intensity o f some meridional reflections in the direction parallel
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to the equator: in some cases the meridional reflections are more intense at the 
outer edges than in the central regions.
6.1.1.2 Changes in Fibrillar Collagen resulting from X-ray Irradiation
X-rays are extensively used in medicine for imaging, diagnosis and treatment. It has been 
suggested that an intense dose o f synchrotron X-ray radiation may be beneficial for the 
treatment of cancer (Blattmann et al., 2005). It is important to understand the effect of X- 
rays on the structure o f collagen for future fast dynamic and coherent studies of proteins 
where the proposed X-ray dose will be very intense in order to capture transient structures. 
Very few studies have investigated the possible molecular rearrangements within collagen 
structure in response to X-ray radiation. Work by the Wess research group has investigated 
the induction o f local strain defects in collagen axial structure resulting from an intense X-ray 
dose applied to rat-tail tendon. A partially coherent X-ray beam used for X-ray photon 
correlation spectroscopy (XPCS) was applied in order to deliver an extremely intense X-ray 
dose (flux was ~ 1013 ph/sec/mm2) at the sample. Rat-tail tendon in its native, unaltered state 
has a characteristic regular axial D-period o f 67±0.5nm (Stinson and Sweeny, 1980). The 
small-angle meridional X-ray diffraction patterns produced after exposure to an intense dose 
of X-rays showed an alteration in the D-period (from 67 nm up to 79 nm and from 67nm to 
61nm). Figure 6.1 shows the production of the new axial periodicities in addition to the 
standard 67nm D-period, and the broadening of diffraction peaks in the direction parallel to 
the meridian o f the diffraction peaks. Figure 6.1 shows two-dimensional X-ray diffraction 
patterns collected from collagen fibrils for (a) unaltered fibrils (1st frame) and (b) fibrils 
exposed to an intense X-ray dose for 20 minutes.
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Figure 6.1: Low angle X -ray diffraction pattern  of collagen fibrils for (a) unaltered 
fibrils (1st frame) and (b) fibrils exposed to an intense X-ray dose for 20 minutes. The 
region of the diffraction space corresponding to the 1st to 5th orders of collagen axial 
diffraction are shown. The vertical arrow s (on 1st, 2nd and 3rd orders) demonstrate the 
broadening of the reflections in the direction parallel to the m eridian of the diffraction 
peaks. The horizontal arrow s (on 1st, 2nd and 3rd orders) m ark the presence of 
additional reflections a t new D-period values.
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The effects induced by an intense X-ray photon dose can be seen in Figure 6.1, these include:
•  Broadening o f meridional diffraction peaks in the direction parallel to the meridian 
with increasing dose and diffraction order.
•  Variance o f the axial D-period between 61nm and 79nm as opposed to the native 
67nm D-period.
•  Evidence o f more than one lattice bathed by the X-rays (i.e. an additional D-period 
structure as well as the characteristic 67nm structure).
6.1.1.3 Changes in Fibrillar C ollagen resulting from M echanical Deformation
The mechanical properties o f a variety o f different collagen-based tissues (for example, bone, 
tendon, skin) have been investigated extensively (Parry, 1988; Parkinson et al., 1997; Fratzl 
et al., 1998; Christiansen, Huang and Silver, 2000; Holmes et al., 2001; Sionkowska and 
Wess, 2004; Hendriks et al., 2005; Screen, 2008). However, very little is understood 
regarding the deformation mechanisms at the fibrillar and subfibrillar level. The application 
of tension has been demonstrated to increase the fibrillar D-period from its characteristic 
67nm to approximately 68.8nm, with failure occurring after this point (Mosler et al., 1985). 
Figure 6.2 shows the meridional peaks as a function o f stress on the tendon measured using 
SAXS.
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Figure 6.2: Two-dim ensional X -ray diffraction patterns for rat-tail tendon collagen 
subjected to an extension of approxim ately 1mm, 2mm, 3mm and 4mm. The 
meridional reflections of collagen are  num bered (Fratzl et al., 1997). The first 
diffraction o rder has been attenuated  by a factor of 10 in order to prevent saturation.
It has been demonstrated that the change in the D-period by the induction of stress is 
reversible as long as the final D-period does not exceed 68.4nm (Folkhard et al., 1987). The 
application of stress also caused an alteration in the relative intensities of the meridional 
reflections. Many studies have shown that there is a change in the intensities of the second 
and the third order reflections in the meridional diffraction patterns of stretched tendon fibres 
(Mosler et al., 1985).
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A summary o f the observed effects induced by mechanical loading is presented below:
• An increase in the fibrillar D-period from its characteristic 67nm to approximately 
68.8nm.
• The induction o f stress was reversible as long as the final D-period did not exceed 
68.4nm.
• An observed change in the intensities o f the second and the third order reflections in 
the meridional diffraction patterns o f stretched tendon fibres.
• An observed attenuation o f  the intensity o f higher diffraction orders.
6,1,2 Proposed Explanations fo r  the Changes in Fibrillar Collagen as 
Observed by X-ray Diffraction
This section discusses the possible theories for the changes at the fibrillar level in the two- 
dimensional X-ray diffraction patterns o f collagen shown in section 6.1.1. Three external 
factors that are shown to affect the fibrillar structure o f collagen have been outlined: drying, 
X-ray irradiation and mechanical damage; this section will discuss the proposed explanations 
for these changes.
6.1.2.1 Proposed Explanations for the Changes in Fibrillar Collagen resulting 
from Drying
The key alteration seen in the fibre diagram for dry rat-tail tendon collagen is the shortening 
of the D-period from the characteristic 67nm D-period to around 65nm (Stinson and Sweeny, 
1980; Wess and Orgel, 2000). It was reported that this shortening in the D-period was not
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entirely dependent on the pitch shortening o f the collagen helix because this would only alter 
the position o f meridional reflections but no their intensity; it could also arise due to the 
relative axial sliding o f the collagen molecules within a fibril (Wess and Orgel, 2000).
Previous studies have suggested that the overlap region from the Hodge-Petruska model 
increases on drying from approximately 0.4D to 0.78D, where D is the D-period (Bear and 
Morgan, 1957; Chandross and Bear, 1973). The mechanism for this is unclear; but it was 
suggested that an 8% contraction in the D-period could produce this effect (Bear and Morgan, 
1957). It has been proposed that the increase in overlap region could be due to a shortening 
and compaction o f the gap region on drying (Chandross and Bear, 1973). Although many 
explanations have been presented to date, no satisfactory structural model that explains the 
changes observed in the X-ray diffraction patterns has been produced.
6.1.2.2 Proposed Explanations for the Changes in Fibrillar Collagen resulting 
from X-ray Irradiation
The major effect observed upon the application o f an intense X-ray dose to tendon collagen 
was a broadening o f the reflections in the direction parallel to the meridian of the diffraction 
peaks. Also seen was a splitting o f the Bragg reflections, producing two discrete reflections 
with different D-periodic values. It is proposed that this may result from an alteration in the 
lattice structure as opposed to a variation in the finite lattice size; this is because the effect of 
broadening increases with diffraction angle, corresponding to the accumulation of various 
different D-periods in real space. Furthermore, the alteration of the diffraction peak 
integrated intensity indicates a change in the electron density profile of the periodic structure 
i.e. an alteration o f the number and relative position o f amino acids in the D-period. 
Therefore, it is postulated that the variation in the D-period between 61nm and 79nm occurs
173
due to a change in lattice strain, as opposed to a systematic increase in the axial rise per 
residue along the collagen helix. The total diffraction intensity within a region of diffraction 
space was also seen to decrease as a function of the scattering angle, indicating a reordering 
of the supramolecular structure that can be represented by the relative shearing of molecular 
structures within individual fibrils; this would result in the decrease of the projected 
scattering contrast variation within each axial repeat.
6.1.2.3 Proposed Explanations for the Changes in Fibrillar Collagen resulting 
from Mechanical Deform ation
The key effect observed upon mechanical deformation is the increase in the D-period, 
implying that a lengthening o f the fibrils occurs with strain (Mosler et al., 1985). However, 
the observed change in the relative intensities o f the meridional reflections infers that there is 
a change in the relative length o f the gap and overlap regions (i.e. the axial electron density 
profile). Mosler et al. (1985) proposed that the fibril strain does not arise solely from the 
homogeneous molecular elongation o f the axial rise per residue in the helix (which would 
keep the gap and overlap region constant) but is also a result o f sliding between the triple 
helical molecules (Mosler et al., 1985). Calculations have shown that the initial deformation 
from 67nm to 67.6nm relates to the stretching o f the triple helices. For the application of 
larger strains to 68.8nm and breakage, sliding o f the triple helices relative to each other is 
relevant (Folkhard et al., 1987).
Deformation o f both the fibril and the triple helix has also been considered (Sasaki and 
Odajima, 1996a; Sasaki and Odajima, 1996b). A model was constructed to separate the 
effect of the molecular elongation from the effect of molecular slippage; the conclusion was 
that molecular elongation is a more dominant mechanism than molecular slippage. However,
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no specific model can account for what is a critical aspect of molecular behaviour in stress 
bearing tissues.
6,1.3 Proposed Alterations fo r  the Changes in Fibrillar Collagen as Observed 
by X-ray Diffraction
The previous sections have demonstrated the ability of collagen to undergo many structural 
changes from a variety o f factors. Attempts have been made to explain these structural 
changes although no definitive model has been made and there is clearly room for 
improvement. The following key structural changes have become apparent in the 
deformation of collagen architectures within fibrils:
• The induction o f local strain and lattice distortion.
• The shearing o f laterally adjoined molecules relative to each other.
• Breakages in the amino acid chains o f the collagen molecules.
• The induction o f molecule tilting within the staggered array of collagen molecules.
• A change in the axial rise per residue.
Figure 6.3 shows cartoons o f the proposed deformation mechanisms of collagen that may 
occur and the corresponding projected electron densities. The projected electron densities for 
the structures shown in (e) and (f) are complex and involve more than one axial repeat; and 
cannot therefore be represented in a single D periodic description. The structure shown in (e) 
illustrates a variation in the gap region between longitudinally adjoining molecules resulting 
in a shorter D-period than 67nm. The model constructed in this chapter induces tilting within 
the gap region only (and not within the overlap region). The structures in (e) and (f) differ 
from unit cell to unit cell unlike other proposed structures in Figure 6.4; this is illustrated in
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Figure 6.4.
(a) D-67nm (C) D>67nm (e)* D<67nm
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Figure 6.3: Proposed possible deform ation mechanisms of collagen with the
theoretically projected electron density step function below, (a) Represents the 
standard H odge-Petruska quarte r-s tagger model with a D-period of approximately 
67nm. (b) and (c) D em onstrate m olecular elongation or compression resulting in a 
change in the D-period to a value shorter or longer than 67nm. (d) Illustrates a
deformation change due to sliding of the collagen molecules relative to one another, (e) 
Shows a variation in the gap region between longitudinally adjoining molecules 
resulting in a sho rte r D-period than  67nm. (f) Represents the fracture of molecules 
resulting in a longer D-period than  67nm.
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Figure 6.4: Illustrates two s truc tu res from  Figure 6.4 where the structures are different 
for every unit cell with the theoretically  projected electron density step function below.
(a) Shows a variation in the gap region between longitudinally adjoining molecules and
(b) represents the frac tu re  of molecules.
A suitable way forward in explaining these changes in fibrillar collagen is the use of X-ray 
diffraction in combination with computer-aided molecular models. Each model of distortion 
from the standard gap and overlap arrangement can be constructed by simulating diffraction 
using the amino acid sequence and corresponding scattering factors, which can then be 
compared with experimental diffraction patterns and their intensities.
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6.2 Experimental
The aim of this study is to construct molecular models to simulate one-dimensional X-ray 
diffraction profiles. Full details on how the standard model for unmodified hydrated collagen 
was built are given in Chapter 3, section 3.5. A brief overview is given below.
6.2.1 Construction o f  the Standard M odel fo r  Hydrated Collagen
Molecular models were built to simulate the X-ray diffraction data observed; a detailed 
description of the fundamentals o f the molecular model construction is given by a number of 
sources (Hulmes et al., 1977; Cameron, 2004). A series o f amino acid X-ray scattering 
factors were assigned for the molecular sequence for the a l  and a2 chains of type I collagen 
(the amino acid scattering factors are given in Chapter 3). The number of amino acids in the 
repeating D-periodic unit were produced, and when projected onto a one-dimensional profile 
exhibited the characteristic gap and overlap features (Hodge and Petruska, 1963). The 
models also accounted for the non-helical conformation o f the telopeptide regions (Wess et 
al., 1998ab; Orgel et al., 2000). The C terminal telopeptide is 25 residues long and is 
arranged in a folded conformation while the N terminal telopeptide is positioned in the first 
16 residues and is axially contracted (Orgel et al., 2000). The resultant structure was then 
Fourier transformed to give a set o f structure factors represented as complex conjugate terms 
that were further combined to simulate the scattering o f a fibrillar group o f fibrils containing 
a specific or varied molecular configuration. This structure was then compared to the 
observed linear profile o f  the meridional X-ray diffraction data. The model intensity terms 
were represented graphically as a linear profile of the intensity at the corresponding
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reciprocal lattice point with a convolved Gaussian profile that is indicative of the Bragg peak 
profile broadening due to the X-ray beam breadth.
6.2.2 Construction o f  the Theoretical Models
A series of theoretical models have been constructed to simulate the proposed change 
mechanisms suggested in section 6.1.3. These mechanisms include an induction of local 
strain, shearing laterally adjoined molecules relative to each other, breaking the collagen 
molecule amino acid chains and the induction o f molecule tilting within the gap region of the 
staggered array o f collagen molecules.
6.2.2.1 The induction o f local strain
One proposed mechanism which may result in a change in the collagen fibrillar structure is 
the induction in local strain. Figure 6.5 shows a cartoon o f five segments of the molecules 
from native collagen, and the corresponding electron density profiles for structures with (a) a 
67nm D-period, (b) a 65nm D-period and (c) a 69nm D-period.
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Figure 6.5: Cartoons illustrating  the effect of an induction in local strain within a
collagen fibril. Shown are the five segments of the molecules from collagen with (a) a 
67nm D-period, (b) a 65nm D -period and (c) a 69nm D-period. Also shown for the three 
structures with a different D-period are  the corresponding electron density profiles for 
these structures.
The model to account for local strain was produced using a number of structures with 
different D-period values, by varying the number of amino acids per repeat, assuming the 
axial rise per residue is fixed at 0.286nm. For example, a 67nm D-period structure has 234 
amino acids per repeat (67/0.286); a 65nm D-period structure has 227 amino acids per repeat 
(65/0.286); and a 69nm D-period structure has 241 amino acids per repeat (69/0.286). The 
model produces each individual structure which has a different electron density profile and 
lattice length. Each structure is Fourier transformed individually and the intensity factors 
mapped onto the scattering vector; resulting in broader peaks.
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6.2.2.2 The shearing of laterally adjoined molecules relative to each other
The shearing o f laterally adjoined molecules relative to each other has been proposed as a 
possible deformation mechanism that may cause changes in the structure o f fibrillar collagen; 
as demonstrated in Figure 6.4 (d). Molecular shearing within a collagen fibril was simulated 
by moving the adjacent molecules by a variable number o f amino acid residues relative to 
each other; this value could be specified by the user. Such shearing alters the relative 
disposition of molecules so that the projected electron density is smeared whilst the axial 
length of the D period remains constant.
6.2.2.3 Breakages in the am ino acid chains o f the collagen molecules
A further mechanism proposed to cause an alteration in the fibrillar structure of collagen is 
the induction o f breaks in the collagen molecules within a fibril. The model to simulate 
breaks in the amino acid chains o f the collagen molecules was created through the 
modification o f the model for native collagen. The standard model constructs the amino acid 
chains to be 1170 amino acids long; this was modified to include a series of breaks in the 
amino acid chain. Random positions for breaks and a value to displace the amino acid chains 
relative to its original position were chosen using a random number generator. These breaks 
provide a mechanism for the elongation o f the molecules and thence the axial repeat to be 
extended. The extension in the axial repeat length is shown in Figure 6.6.
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Figure 6.6: G raphical representation  of simulated amino acid chain breaking. The 
amino acid chain is random ly broken (at 210, 580 and 860 amino acid residues along the 
chain for this case). The random  num ber generator is used once again to decide on how 
much the chain is displaced by (100, 120 and 30 amino acid residues in this case). This 
would allow the molecules to be extended to produce axial repeat lengths observed in 
the data.
6.2.2.4 T he in d u c tio n  o f m olecu le  tiltin g  w ith in  the s taggered  a r ra y  o f collagen 
molecules
It has been suggested that a decrease in the axial periodicity could be brought about by the 
tilting of molecules within a fibril which would produce an apparent shortening of the lattice 
in projection on to the fibre axis (Wess and Orgel, 2000). Due to differences in molecular 
density in the D period, it is more likely that the molecular tilting rearrangements occur in the 
lower density gap region. Molecular tilting at an angle to the fibril axis can be induced 
within the gap regions o f the axially staggered model, which is constructed with the standard
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Hodge and Petruska quarter-stagger model containing the characteristic gap and overlap 
features. The model leaves the molecular dispositions unchanged in the overlap section but 
induces a tilt in the gap region as demonstrated in Figure 6.7. Introducing a tilt in the gap 
region allows the number o f amino acids per D-repeat to remain the same but effectively 
causes a decrease in the D-period.
(a) <b)
•«-
Overlap Overlap
Tilt induced in 
the gap region
67nm D<67nm
Figure 6.7: D em onstrates (a) the s tan d ard  model for native collagen and (b) model for 
the inclusion of tilting of the molecules in the gap region. Tilting in the gap region 
results in a decreased D-period relative to the standard  model.
If the changes in tilt direction and magnitude are not identical within each unit cell bathed by 
the X-ray beam, this will lead to a loss o f diffraction intensity with scattering angle due to 
incoherence between cell contents. This model only considers tilting within the gap region 
due to evidence from foregoing research of other groups, although the possibility of tilting 
within the overlap cannot be discounted.
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6.2.3 Collection o f  Experimental X-ray Diffraction Data
Experimental X-ray diffraction data has been collected for comparison with the models from 
collagen in a range o f states; hydrated; dry and air-dried collagen (Chapter 4); and from 
collagen subjected to a variety o f different relative humidity levels (Chapter 5). X-ray 
diffraction data taken from collagen treated with an intense X-ray dose and collagen that has 
undergone mechanical deformation has been collected by the project supervisor. A paucity 
of beamtime at intense X-ray sources such as ESRF prior to the commissioning of the 
Diamond Light Source led to the use o f data collected before the study period.
6.3 Results
6.3.1 Analysis o f  the Standard M odel fo r  Hydrated Collagen
Before the X-ray diffraction images for the changes in the fibrillar structure of collagen can 
be modelled, the X-ray diffraction image for the native, unchanged, hydrated structure of 
collagen must be reproduced as a benchmark to validate the final models. Figure 6.8 (a) 
shows the first five meridional X-ray diffraction experimental reflections for hydrated rat-tail 
tendon collagen with the characteristic 67nm D-period. Figure 6.8 (b) shows the first five 
meridional X-ray diffraction computer-simulated reflections for a 67nm D-period structure 
corresponding to 234 amino acid residues per repeat. The comparison of the experimental 
and computer-simulated meridional X-ray diffraction reflections for hydrated collagen shows 
that the created model produces a good fit.
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Figure 6.8: (a) An experim ental m eridional X-ray diffraction pattern for a 234 amino 
acid structure (D=67nm) and (b) a sim ulated m eridional X-ray diffraction pattern for a 
234 amino acid structu re  showing the first five orders of diffraction.
6.3.2 Analysis of the Theoretical Models
Through successfully simulating the intensity terms corresponding to the hydrated structure 
of collagen it is possible to model further changes in fibrillar collagen. This forms a platform 
from which changes can be simulated and effects compared to experimental data.
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6.3.2.1 The induction of local strain
This model was constructed to simulate deviations in the D-periodic lattice dimensions. Ten 
structures were produced with a range o f different D-period values from 234 amino acids per 
repeat to 274 amino acids per repeat. These ten structures were accumulated to create a 
single structure; the ten individual structures and their accumulative structure are shown in 
Figure 6.10. Instead o f every structure having a 67nm D-period (234 amino acids per repeat), 
this model incorporates an alteration in the number of amino acids per D-repeat. To allow for 
the deviations in the D-period, the model allows the user to input any desired number of 
amino acids per D-repeat. The accumulation o f various different D-periods within a data set 
correspond to a variety o f structures bathed by the X-rays, and this has the effect of peak 
broadening and peak splitting in the direction parallel to the meridian; this accumulative 
effect is observed as lattice strain.
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Figure 6.9: Simulated m eridional X-ray diffraction pattern  for ten different structures 
from 234 amino acids to 274 am ino acids at an increm ent of four amino acids per 
structure. This shows the first five orders of collagen axial diffraction and the 
accumulative structure.
6.3.2.2 The shearing of laterally adjoined molecules relative to each other
Molecular shearing within a collagen fibril is simulated by moving the molecules by a 
variable number o f amino acid residues, a value that can be specified by the user. This shear 
value is used to change the position o f the next molecule within a fibril. If no shear value is 
applied, the next collagen molecule is positioned the standard D-period apart (where D=67nm 
for a 234 amino acid repeating structure). The introduction of an amino acid shearing causes 
a decrease in the peak intensities due to the loss o f contrast in the repeating objects and the 
eventual loss o f peaks at large values o f shearing, while the position o f the peaks remains 
unchanged. At a shear value o f 50 amino acid residues (Figure 6.10a) the first order is still
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prominent but significantly lower in intensity, while the higher orders have disappeared. At a 
shearing o f 100 amino acid residues (Figure 6.10b) further loss is seen in the intensity of the 
higher orders.
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Figure 6.10: Sim ulated m eridional X-ray diffraction profdes for 234 amino acid
structures showing the first 12 orders of diffraction, (a) Shearing of 50 amino acid 
residues is applied. The bottom  profile corresponds to a 5 amino acid shear while the 
top profile relates to a 50 am ino acid shear. Each profile is incremented at a 5 amino 
acid shear, (b) Shearing of 100 amino acid residues is applied. The bottom profile 
corresponds to a 10 am ino acid shear while the top profile relates to a 100 amino acid 
shear. Each profile is increm ented at a 10 amino acid shear.
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6.3.2.3 Breakages in the amino acid chains of the collagen molecules
The model to simulate breaks in the amino acid chains of the collagen molecules was created 
by randomly assigning the size, number and position of the breaks. Figure 6.11 shows the 
meridional X-ray diffraction peaks for a structure that (a) has no breaks induced and (b) has 
been broken.
N o  breaks
Figure 6.11: (a) Shows the meridional X-ray diffraction peaks for a structure that has 
no breaks induced and (b) a structure that has been broken in three places. The broken 
structure shown in (b) includes three breaks positioned at 10, 745 and 858 amino acids 
along the chain. These three breaks where displaced by 35, 84 and 4 amino acids 
respectively.
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6.3.2.4 The induction o f m olecule tilting within the staggered array of collagen 
molecules
An angle increment can be induced within the gap regions o f the axially staggered model 
which is constructed with the standard Hodge and Petruska quarter-stagger model containing 
the gap and overlap characteristic features. Figure 6.12 shows the meridional X-ray 
diffraction peaks for 10 structures tilted between 5° and 50° at angle increments o f 5° per 
structure. The first order o f diffraction undergoes a decrease in the intensity of the peak. 
Introducing a tilt in the gap region would allow the number of amino acids per D-repeat to 
remain the same but would cause a decrease in the D-period and alter the projected electron 
density. The black line positioned at the centre o f the fourth order peak shows the movement 
in the peak position to a shorter periodicity.
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Figure 6.12: A sim ulated m eridional X-ray diffraction peak for 10 different structures 
with a different angle introduced to the gap regions of the 10 structures. All structures 
have a length fixed at 234 am ino acids and the first 12 orders of diffraction are shown. 
The first structure (bottom profile) includes an angle of 5° with further structures 
produced by tilting at angle increm ents of 5°. The final structure (top profile) 
demonstrates the effect of an angle of 50° in the gap region.
6.4 Discussion
Structural modifications were applied to the standard structure of collagen to simulate the 
changes seen in the fibrillar structure o f collagen. This chapter has shown the versatility and 
value of constructing computer simulated molecular models to evaluate structural changes in 
native fibrillar collagen, and demonstrated the adaptability o f the models, helping to explain 
the structural changes to collagen on drying, intense X-ray dose and mechanical deformation. 
It is important to note that the computer-simulated models provide only one possible 
explanation for the changes seen in the experimental one-dimensional X-ray diffraction
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profiles. The native hydrated structure o f collagen has been thoroughly investigated in recent 
decades, and its structure is relatively well understood. The model described in this chapter 
fits the one-dimensional X-ray diffraction profile for hydrated 67nm collagen sufficiently; 
however, the accuracy o f  the model begins to wane upon the application of changes to the 
native structure. The comparisons for the collagen dry structure, collagen subjected to an 
intense X-ray dose, and mechanically deformed collagen will be discussed separately.
The model to stimulate dry collagen was built by investigating different modifications that 
may occur in collagen on drying. The main effect observed on drying is a shortening of the 
D-period from 67nm to around 65nm. From the models constructed, the induction of local 
strain or the introduction o f tilting within the gap region can be used to simulate this effect. 
A decrease in the number o f visible meridional reflections was observed in the diffraction 
pattern upon drying, from approximately 140 visible reflections in the hydrated state, to 
approximately 40 reflections in the air-dried state, which may be explained by the shearing of 
laterally adjoined molecules relative to each other. The structural model to account for 
shearing resulted in a decrease in the number o f visible reflections at higher orders in the 
meridional series (shown in Figure 1.11). On an individual basis, none of these modifications 
can sufficiently explain all the structural changes that occur during the drying o f collagen. It 
is proposed that the dry structure o f collagen could be explained by a combination of these 
modifications (tilting, shearing and the induction o f local strain).
Many features present in the X-ray diffraction pattern for dry collagen have been unexplored; 
one such feature is the strong fluctuations o f intensity that corresponds to a damped 
sinusoidal wave with an oscillating periodicity that covers four meridional peaks. This 
indicates that the fidelity o f the molecular transform has been compromised whilst the lattice 
remains intact. Although it is beyond the scope of this thesis, it is attractive to speculate that 
the changes in the tilt o f the gap region could produce a D periodic function with a length of
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around 0.25D. However with sufficient variation between unit cells bathed by the X-ray 
beam, this feature is poorly defined and causes the molecular transform to contain little detail 
and hence presents in the molecular transform with relatively few detailed harmonic 
components.
The molecular models constructed in this Chapter have begun to explain many of the 
alterations in the diffraction pattern o f collagen exposed to an intense dose o f X-rays. One 
observation in the X-ray diffraction pattern for X-ray irradiated collagen is a broadening and 
splitting of the diffraction peaks, which could be explained by the induction o f local strain 
within the lattice. The decrease in the diffraction intensity as a function o f the scattering 
angle observed may be a result o f the shearing o f laterally adjoined molecules relative to each 
other, which would produce an effect o f attenuation. The molecular model constructed was 
able to fit reasonably all o f these alterations, simulating the general factors of the diffraction 
peaks observed. In conclusion the diffraction peaks observed appear to result from a 
variation in lattice strain and the shearing o f laterally adjoined molecules relative to each 
other.
In the simulated X-ray diffraction patterns for mechanically strained collagen, an overall 
lowering in the intensity values o f  the reflections takes place with respect to scattering angle, 
possibly due to the shearing o f laterally adjoined molecules relative to each other. However, 
this does not account for the increase in D-period, which could be attributed to the 
introduction o f breaks within the amino acid chains o f the collagen molecules.
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6.4.1 Conclusion
Many structural changes occur at a molecular level of collagen fibrillar packing upon 
deformation. X-ray diffraction is a useful non-destructive technique for investigating 
changes at a molecular level in collagen and in combination with molecular modelling can 
begin to explain the structural changes and the causal factors. X-ray diffraction and 
molecular modelling have been found to complement each other and when combined assist in 
furthering our understanding o f  the variations at the molecular level in collagen. Although 
the work here goes a long way to show that the real space deformations suggested can 
account in a large part for the changes observed in the fibre diagram the future work required 
here is the combination o f these modifications to produce an accurate and quantitative fit with 
the data. Due to the paucity o f the diffraction data available there are probably many 
combinations o f deformations that will provide an adequate fit with the data collected, 
therefore other supporting evidence will be required to be sourced in order to produce a 
robust estimation o f the various contribution o f physical changes to molecular structure.
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Chapter 7: Determining the Nanostructural 
Integrity of the Domesday Book
7.1 Introduction
7.1.1 Background o f  the Domesday Book and historical significance
The Domesday Book was a land survey commissioned by William the Conqueror in 1086 
and is a valuable part o f English heritage. William commissioned the text in response to a 
threat of invasion from Denmark. The book included information collected on the land and 
resources of the land held by the King and his tenants. The exact purpose of the Domesday 
inquisition was not recorded, but contemporaries believe that the primary object was the 
collection of taxes (Forde, 1986).
The information collected was recorded onto parchment and compiled into two separate 
volumes: ‘Great Domesday’ and ‘Little Domesday’ which are shown in Figure 7.1 (Forde, 
1986).
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Gr8at an d leSd8V Littl® Domesday
Little Domesday (Catalogue reference E 31/1)
Great Domesday 
(Catalogue reference E 31/2)
Figure 7.1: Images of the two volumes of the Domesday Book, G reat Domesday and 
Little Domesday including two sam ple pages (www.nationalarchives.gov.uk/domesdav).
Great Domesday contains information about all counties except the four northern counties, 
some large towns and the eastern part o f the country, which is covered by Little Domesday. 
The counties o f Essex, Norfolk and Suffolk are covered in further detail in Little Domesday, 
which was meant to be the penultimate version o f the text for these counties before inclusion 
in Great Domesday. The writing itself provides a wealth of knowledge and in addition the 
parchment it is written on can also supply us with vitally important information. Preservation 
of these documents for future generations through prevention of degradation is therefore of 
great importance. This degradation may occur due to a wealth o f different external factors, 
including inappropriate temperature levels, relative humidity mis-use, radiation damage (in 
particular UV light), mechanical damage (from excessive handling or general wear and tear) 
and microbiological growth (resulting from elevated temperatures and relative humidity). 
The two volumes: ‘Great Domesday’ and ‘Little Domesday’ have survived over 900 years of 
English history and are currently held in a specially made chest at The National Archives in 
Kew, London (http://www.nationalarchives.gov.uk/domesday/). In 1986 to mark the 900th
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anniversary o f the volumes, further investigation and study was carried out on both volumes, 
documenting their condition. This investigation focused on evaluating and improving upon 
previous conservation work carried out in 1952, a time when knowledge and access to 
materials was limited. During this study further repair work was performed and the books 
were photographed (to produce a facsimile) and rebound (Forde, 1986). The 1986 campaign 
included extensive visual documentation, but due to the restricted range of techniques 
available at the time and the quantity o f sample that would have been required, no scientific 
analysis was completed.
A further study into the condition o f the books was proposed in 2006, twenty years after the 
initial study to investigate how the volumes had degraded over this period. Since the 
investigation in 1986 there have been a number o f significant advances in non-invasive and 
micro-invasive analysis, creating an opportunity for further examination to be conducted. 
This allowed, for the first time, a structural survey of the molecular structure to be completed 
using X-ray diffraction on samples sourced from both Great Domesday and Little Domesday. 
This study also included visual and biochemical analysis conducted by the School of 
Conservation in Denmark. This chapter outlines the work conducted on the Domesday Book 
using X-ray diffraction.
A number o f previous studies have been conducted on parchment using conventional X-ray 
diffraction as a technique (Wess and Orgel, 2000; Wess et al., 2001; Kennedy et al., 2003; 
Kennedy et al., 2004c; Maxwell et al., 2006; Gonzalez and Wess, 2008b). Conventional X- 
ray diffraction generally involves the alignment o f the sample perpendicular to the direction 
of the X-ray beam, with a beam size in the region of 200pm producing an image consisting of 
the composite diffraction features from the entire thickness of the sample. Microfocus X-ray 
diffraction uses a smaller beam o f approximate size 2pm x 6pm to allow for surface-to- 
surface transmission analysis o f parchment samples including the internal stratigraphy and
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microtexture, where up to 200 images can be taken in a cross-sectional scan of a ~300pm 
thick parchment sample. A microdiffraction study on a Central Mexico style pictograph 
demonstrated the scope and versatility o f the technique where it was shown that 
microdiffraction o f a 10pm thick sample was able to produce scattering of sufficient intensity 
during a short timescale o f one minute (Wess et al., 2001). It also provides information about 
the structure o f collagen and its hierarchical arrangements from the molecular structure to the 
organisation o f fibres in a tissue. The advantages o f microfocus X-ray diffraction are its non- 
invasive manner and its ability to examine the structure o f exceptionally small samples 
measuring a few microns in size. This makes the technique o f microfocus X-ray diffraction 
extremely practical for the investigation o f historically valuable artifacts including the 
Domesday Book. This chapter outlines the X-ray diffraction work conducted as part of this 
large-scale international collaborative report on the Domesday Book.
7.2 Experimental
7.2,1 Sample Preparation
The National Archives has entrusted us with nine samples taken from ‘Little Domesday’ and 
‘Great Domesday’. Extensive sampling was not possible from the Domesday Book due to its 
valuable and irreplaceable nature, so surface scrapings (weighing less than 0.1 mg) were 
therefore taken from the corium (flesh side) throughout the volumes. Samples were taken 
from both volumes o f the Domesday Book as well as the verso (left hand) and recto (right 
hand) sides o f both volumes. The samples were sourced as scrapings from the surface of the 
parchment and were sub-millimeter in size and approximately 50 microns in thickness. Table
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7.1 provides information regarding the Domesday Book samples used in this chapter. In 
addition to these samples, a control sample, sourced in a similar manner to the Domesday 
Book, was also subjected to investigation. The control sample was a legal document gifted 
by the National Archives o f Scotland, the age was estimated from the date inscribed on the 
parchment sheet at the time o f use, 1792.
Sample code Book taken from Position in book Side of page used
GDI V* Great Domesday Page 1 Verso
LD1V* Little Domesday Page 1 Verso
LD109V* Little Domesday Page 109 Verso
LD183V* Little Domesday Page 183 Verso
LD412V* Little Domesday Page 412 Verso
GD203V* Great Domesday Page 203 Verso
GD202r* Great Domesday Page 202 Recto
GD382r* Great Domesday Page 382 Recto
LD449r* Little Domesday Page 449 Recto
1792"" Legal document, 1792 N/A N/A
Table 7.1: Table of the Domesday parchment samples gifted by the National Archives 
(*). The control sample was a legal document dating 1792 gifted by the National 
Archives of Scotland (*).
7.2.2 Microfocus X-ray Diffraction, ESRFID18F
Microfocus X-ray diffraction was used to study the parchment samples due to its micron 
sized, intense flux X-ray beam. All microfocus experiments were carried out at the high
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Parchment samples were scanned horizontally and vertically across the sample, collecting 
over 100 images in a region m easuring a few microns in size. The size of the scanned region 
and number o f images collected varied depending on the size o f the sample sourced. Table
7.2 outlines sample information including the size o f the scan area and the number of scans 
collected in this region.
Sample code Number of images 
collected
Size of scan area 
(pm x pm)
GDI V* 102 0.4 x 0.4
LD1V* 126 1.2 x 1.2
LD109V* 108 0.2 x 0.2
LD183V* 201 0.4 x 0.4
LD412V* 100 0.4 x 0.4
GD203V* 110 0.2 x 0.2
GD202r* 101 0.2 x 0.2
GD382r* 101 0.4 x 0.4
LD449r* 100 0.2 x 0.2
1792 control+ 100 0.8 x 1.4
Table 7.2: Table documenting the number of scans and the size of the scan area for all 
nine Domesday samples and the control sample. All scans were conducted in a grid like 
orientation (mesh scan).
The two-dimensional microfocus X-ray diffraction patterns were analysed using FibreFix 
software (see section 3.4.1). Using FibreFix, two-dimensional X-ray diffraction images were 
converted into one-dimensional linear traces.
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brilliance synchrotron source at the European Synchrotron Radiation Facility in Grenoble, 
France on beamline ID18F. Further details o f the beam station set up at ID18F are given in 
section 3.3.1.3. Compound refractive lenses (CRL) were used to generate a microbeam of 
size 2pm x 6pm (Snigirev et al., 1996). The wavelength of the X-rays was 0.086nm and the 
sample-to-detector distance was fixed at 213mm. To absorb the direct beam a tungsten 
backstop of diameter 500pm was used. The extremely small beam size allowed scans to be 
completed on all nine Domesday samples and a control parchment sample (dated 1792). The 
parchment samples were mounted on a goniometer, attached to a computer controlled 
motorised stage. Using the defocused beam and a high-resolution camera, an X-ray 
transmission image was recorded for each sample to observe the microscopic features. 
Images were taken o f all ten samples using the high-resolution camera prior to starting the 
microfocus X-ray diffraction scans. A high-resolution camera was used to locate the sample 
and region due to be scanned. An image o f sample GD382r taken with the high-resolution 
camera is shown in Figure 7.2 with the scan region highlighted as a red-boxed region. This 
region was scanned using a “mesh scan” which involves the collection of a series o f images 
at points on a raster corresponding to specific movement of the sample in both horizontal and 
vertical directions in relation to the X-ray beam.
Figure 7.2: Image of sam ple GD382r m ounted on a capillary in the beam. A mesh scan 
was carried out on the boxed region w here over 100 images were collected.
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Parchment samples were scanned horizontally and vertically across the sample, collecting 
over 100 images in a region m easuring a few microns in size. The size o f the scanned region 
and number of images collected varied depending on the size o f the sample sourced. Table
7.2 outlines sample information including the size o f the scan area and the number o f scans 
collected in this region.
Sample code Number of images 
collected
Size of scan area 
(pm x pm)
GDI V* 102 0.4 x 0.4
LD1V* 126 1.2 x 1.2
LD109V* 108 0.2 x 0.2
LD183V* 201 0.4 x 0.4
LD412V* 100 0.4 x 0.4
GD203V* 110 0.2 x 0.2
GD202r* 101 0.2 x 0.2
GD382r* 101 0.4 x 0.4
LD449r* 100 0.2 x 0.2
1792 control+ 100 0.8 x 1.4
Table 7.2: Table documenting the number of scans and the size of the scan area for all 
nine Domesday samples and the control sample. All scans were conducted in a grid like 
orientation (mesh scan).
The two-dimensional microfocus X-ray diffraction patterns were analysed using FibreFix 
software (see section 3.4.1). Using FibreFix, two-dimensional X-ray diffraction images were 
converted into one-dimensional linear traces.
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7.3 R esults
7.3.1 Analysis o f  the presence o f  meridional diffraction
The two-dimensional X-ray diffraction patterns for all nine Domesday Book samples were 
‘cleaned’ using a specially designed computer program. The weak signal images were 
enhanced by multiplying pixel intensity by the distance from the beam centre. This allowed 
the creation o f clearer two-dimensional X-ray diffraction patterns and simplified the 
identification of meridional reflections. Figure 7.3 shows two diffraction images taken from 
the Domesday Book, where one image has undergone modifification and the other image has 
not. The main difference between the two images is the region surrounding the beamstop. In 
the image that has not been enhanced (A) the area surrounding the backstop is close to the 
saturation point o f the detector whereas in the cleaned image (B) the intensity of the scatter is 
far lower.
W '
Beamstop
Figure 7.3: Two diffraction images taken from sample GD1V scan 66 where the one 
image has been cleaned and the o ther image has not. (A) Shows the diffraction image 
that has not been cleaned. (B) Shows the diffraction image that has been cleaned using 
the specially designed com puter program .
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Due to the micron-sized samples used in this experiment, collection and subsequent analysis 
was extremely challenging, so the majority of the study was therefore based on visual 
analysis of the two-dimensional X-ray diffraction patterns. The patterns were assessed for 
the presence of meridional diffraction orders resulting from collagen axial diffraction. The 
samples from the Domesday Book gave a variety of different diffraction images, where a 
good diffraction image generally displayed a strong sixth and ninth order of collagen axial 
diffraction, and samples that diffracted poorly displayed weak diffraction images or no 
detectable order of collagen axial diffraction. An X-ray diffraction image for a sample 
considered intact and a sample considered degraded is shown in Figure 7.4.
(A) (B) (C)
©
Figure 7.4: A series of Sm all-angle X-ray diffraction transmission images for historical 
samples in a variety of d ifferent states. (A) Diffraction image displays strong orders of 
collagen axial diffraction. (B) D iffraction image displays weaker orders of collagen 
axial diffraction when com pared w ith (A). (C) Diffraction image displays no visible 
orders of collagen axial diffraction when compared with (A) and (B).
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7.3.1.1 Sample GD1V
Sample GD1V was sampled from the verso side of page 1 in Great Domesday. Figure 7.5 
shows three representative two-dimensional diffraction images from sample GD1V where the 
meridional diffraction orders are clearly visible. The sixth order of collagen axial diffraction 
is highlighted on each image by the presence o f a white arrow.
Figure 7.5: Three representative two-dim ensional diffraction images from sample
GD1V. The images correspond to scan num bers 26, 66 and 83. The sixth order of 
collagen axial diffraction is highlighted on each image by the presence of a white arrow.
7.3.1.2 Sam ple LD 1V
Sample LD1V was sampled from the verso side of page 1 in Little Domesday. Figure 7.6 
shows three representative two-dimensional diffraction images from sample LD1V where 
very weak meridional diffraction orders are seen (as highlighted by the white arrows).
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Figure 7.6: Three representative two-dim ensional diffraction images from sample
LD1V. The images correspond to scan num bers 6, 21 and 61. The presence of collagen 
axial diffraction is highlighted on each image by the presence of a white arrow.
7.3.1.3 Sam ple LD 109V
Sample LD109V was sampled from the verso side o f page 109 in Little Domesday. Figure
7.7 shows three representative two-dimensional diffraction images from sample LD109V 
where weak meridional diffraction orders are seen.
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Figure 7.7: Three representative two-dim ensional diffraction images from sample
LD109V. The images correspond to scan num bers 3, 73 and 97. The presence of 
collagen axial diffraction is highlighted on each image by the presence of a white arrow.
7.3.1.4 Sample LD183V
Sample LD183V was sampled from the verso side of page 183 in Little Domesday. Figure
7.8 shows three representative two-dimensional diffraction images from sample LD183V 
where the meridional diffraction orders are seen.
Figure 7.8: Three representative two-dimensional diffraction images from sample
LD183V. The images correspond to scan num bers 34, 38 and 86. The presence of 
collagen axial diffraction is highlighted on each image by the presence of a white arrow.
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7.3.1.5 Sample LD412V
Sample LD412V was sampled from the verso side of page 412 in Little Domesday. Figure
7.9 shows three representative two-dimensional diffraction images from sample LD412V 
where weak meridional diffraction orders are seen.
Figure 7.9: Three representative two-dimensional diffraction images from sample
LD412V. The images correspond to scan num bers 30, 33 and 77. The presence of 
collagen axial diffraction is highlighted on each image by the presence of a white arrow.
7.3.1.6 Sam ple G D 203V
Sample GD203V was sampled from the verso side of page 203 in Great Domesday. Figure
7.10 shows three representative two-dimensional diffraction images from sample GD203V 
where the meridional diffraction orders are seen.
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Figure 7.10: Three representative two-dimensional diffraction images from sample
GD203V. The images correspond to scan num bers 18, 21 and 65. The presence of 
collagen axial diffraction is highlighted on each image by the presence of a white arrow.
7.3.1.7 Sam ple G D 202r
Sample GD202r was sampled from the recto side of page 202 in Great Domesday. Figure
7.11 shows three representative two-dimensional diffraction images from sample GD202r 
where weak meridional diffraction orders are seen.
Figure 7.11: T hree representative two-dimensional diffraction images from sample
GD202r. The images correspond to scan numbers 9, 51 and 86. The presence of 
collagen axial diffraction is highlighted on each image by the presence of a white arrow.
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7.3.1.8 Sample GD382r
Sample GD382r was sampled from the recto side of page 382 in Great Domesday. Figure
7.12 shows three representative two-dimensional diffraction images from sample GD382r 
where the meridional diffraction orders are seen.
Figure 7.12: Three representative two-dim ensional diffraction images from sample
GD382r. The images correspond to scan num bers 17, 33 and 44. The presence of 
collagen axial diffraction is highlighted on each image by the presence of a white arrow.
7.3.1.9 Sam ple L D 4 4 9 r
Sample LD449r was sampled from the recto side of page 449 in Little Domesday. Figure
7.13 shows three representative two-dimensional diffraction images from sample LD449r 
where no meridional diffraction orders are seen.
2 1 0
Figure 7.13: Three representative two-dimensional diffraction images from sample
LD449r. The images correspond to scan num bers 30, 47, 72. No presence of collagen 
axial diffraction was observed.
Sample LD449r showed no presence o f meridional reflections from collagen axial diffraction. 
Figure 7.14 shows reflections seen at 2.6nm '1, 3.3nm'!, 4.1nm'1 and 4.5nm'1. This was the 
only sample that displayed any reflections at wide-angles. X-ray diffraction has confirmed 
that there is no evidence o f collagen molecular structure in sample LD449r. Further analysis 
on the Domesday Book conducted by the School of Conservation, Copenhagen, Denmark has 
confirmed that sample LD449r is cellulose (paper).
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Figure 7.14: A representative two-dim ensional diffraction image (zoomed out) from 
sample LD449r taken at a high angle. The image corresponds to scan num ber 30. 
Reflection seen a t A, B, C and D correspond to 2 .611m '1, 3.3nm '1, 4.1 nm '1 and 4.5nm~1 
respectively.
7.3.2 Evaluation of the axial integrity (D-period)
Evaluation of the D-period for all nine Domesday samples was challenging due to the low 
pixel resolution encountered when observing the central region of images with visible 
meridional reflections o f collagen axial diffraction. A low pixel resolution results in linear 
traces with less information in the area o f interest. Figure 7.15 shows a linear trace for 
sample GD1V which contained the strongest meridional reflections. The meridional 
reflections for the sixth to the ninth orders o f collagen axial diffraction only cover an area that 
is approximately 15 pixels. Figure 7.16 shows a full size two-dimensional X-ray diffraction 
pattern taken from the Domesday Book and the size of the scan region used to create the 
linear trace seen in Figure 7.15. This is too coarse to evaluate accurately the D-period of the 
samples. SAXS can not be conducted due to beam divergence after micro focus.
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Figure 7.15: A one-dim ensional linear trace for sample GD1V scan 66 that contained 
the strongest m eridional reflections. The sixth and ninth orders of collagen axial 
diffraction are highlighted as 6 and 9 respectively.
Figure 7.16: A full size two-dim ensional X-ray diffraction pattern taken from the
Domesday Book and the size of the scan region used to create the linear trace seen in 
Figure 7.15.
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7.3.3 Shrinkage temperature (TJ analysis o f  the Domesday Book
This study included visual and shrinkage temperature analysis conducted by the School of 
Conservation, Copenhagen in Denmark. The shrinkage temperature (Ts) is the temperature at 
which parchment collagen fibres are seen to deteriorate. When heated in water the collagen 
fibres will deform to randomly disordered chains over a distinct temperature interval. 
Previous studies have shown new parchment fibres to have a shrinkage temperature of around 
60°C and as the deterioration o f  the parchment increases the shrinkage temperature decreases 
(Sportun et al., 2000). It was also noted that in deteriorated parchment the shrinkage 
temperature would be nearer to 30°C. Table 7.3 shows the shrinkage temperature 
measurements for seven o f the nine Domesday Book samples.
Domesday Book Sample Code Shrinkage temperature (°C)
GD1V 60.0
LD1V 53.9
LD109V 60.8
LD183V 49.6
LD412V 61.0
GD203V 58.6
GD202r 54.8
GD382r None obtained
LD449r None obtained
Table 7.3: The shrinkage temperature measurements for all nine Domesday Book
samples collected by the School of Conservation, Copenhagen in Denmark.
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7.4 Discussion
Analysis of these historically significant samples on beamline ID18F at ESRF has given a 
clearer picture o f the condition o f  the Domesday Book. Due to the value of the Domesday 
Book sampling was restricted to micron-sized samples scraped from the surface of the 
parchment. This created an issue for collection of X-ray diffraction data using a standard 
beamline at a synchrotron. An extremely small beam was needed in order to collect X-ray 
diffraction images from a sample a few microns in size. The use o f the microfocus beamline 
ID18F at ESRF allows the use o f a micron size beam measuring 2pm x 6pm. The use of 
scrapings also created a challenge as only the surface of the parchment was subjected to X- 
ray diffraction as opposed to the entire cross section o f the parchment. It has been proposed 
that the surface o f the parchment is found in a higher state of degradation than the central 
regions of the parchment (Gonzalez and Wess, 2008a). Sampling only the surface layer has 
allowed the assessment o f the level o f degradation of the surface layer alone, without 
providing an insight into the degradation state o f the more intact central parchment regions. 
Therefore, any conclusions proposed on the state o f degradation of the Domesday Book may 
be weighted towards a higher state o f  degradation.
The samples studied show a variety o f different degradation states with the presence of intact 
collagen due to the occurrence o f axial diffraction in some samples. Samples GD1V, 
LD183V, GD203V and GD382r showed clearly visible collagen axial diffraction. Samples 
LD109V, LD1V, LD412V and GD202r contained very weak collagen axial diffraction, while 
sample LD449r contained no visible collagen axial diffraction.
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7,4,1 Comparison o f  Little Domesday with Great Domesday
Both volumes o f the Domesday Book, Great Domesday and Little Domesday were compared 
to see if any differences were visible at a structural level. Both volumes have always been 
stored together, so it is therefore assumed that they have both been subjected to identical 
environmental conditions, such as temperature, relative humidity and UV light exposure. 
Both volumes have been shown to be made predominately from sheepskin, although the 
geographical areas from which the animals were sourced are likely to differ (Forde, 1986). 
Although the provenance o f the animal skin may have differed, the method of preparation of 
the parchment would have been the same. Great Domesday is visually more yellow in colour 
than Little Domesday. This may be due to more frequent handling of Great Domesday than 
Little Domesday.
These differences between the two volumes provide an excellent study in which to observe 
any changes at a structural level between the parchments in both volumes. X-ray diffraction 
was conducted on four samples from Great Domesday and five samples from Little 
Domesday. The meridional reflections for all samples from both Great Domesday and Little 
Domesday were compared. The samples that displayed clear meridional reflections were 
GD1V, GD203V and GD382r, which were from Great Domesday and LD183V from Little 
Domesday. The samples that displayed weak meridional reflections were LD109V, LD1V 
and LD412V from Little Domesday and GD202r from Great Domesday. The ninth sample 
LD449r from Little Domesday was found to contain no visible meridional reflections. It was 
later confirmed using biochemical analysis that sample LD449r is cellulose (paper) which is 
most likely due to earlier conservation work. No clear distinction in meridional reflections is 
seen between Great Domesday and Little Domesday but the more intact samples appear to be 
from the Great Domesday Book volume. A larger survey size would be required to
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categorically state which volume is in better condition.
7.4.2 Comparison o f  verso and recto sides
The terms verso and recto are used to describe the left-hand page and the right-hand pages 
respectively. Many types o f degradation may affect the verso and rectos sides in different 
ways; for example, one side may be more susceptible to mechanical damage resulting from 
handling and page turning. X-ray diffraction was conducted on six samples from the verso 
side and three samples from the recto side.
The samples that displayed strong meridional reflections were GD1V, GD203V and 
LD183V, which were from the verso side and GD382r from the recto side. The samples that 
displayed weak meridional reflections were LD109V, LD1V and LD412V from the verso 
side and GD202r from the recto side. The ninth sample LD449r from the recto side was 
found to contain no visible meridional reflections. As sample LD449r was found to be 
cellulose the sample set was reduced and contains only two samples sourced from the recto 
side. One of these samples was found to display strong meridional reflections while the other 
displayed weak meridional reflections. Therefore, no comparison can be made between the 
verso and recto sides. For a comparison to be made a larger study is needed with more 
samples sourced from both the verso and recto side.
217
7.4.3 Microfocus X-ray Diffraction as a Technique to Investigate Micron 
Sized Samples
Conventional X-ray diffraction is a valuable technique used to assess the structure o f collagen 
within parchment. The development o f micron sized X-ray beams with an intense flux has 
led to the use o f microfocus X-ray diffraction experiments to probe small regions in a sample 
as well as the investigation o f micron-sized samples (Snigirev et al., 1996; Wess et al., 2001; 
Kennedy et al., 2004b). The valuable and irreplaceable nature of the Domesday Book meant 
that sampling was limited to surface scrapings of only a few samples. The micron size 
samples therefore were unable to be investigated using conventional X-ray diffraction. The 
work conducted on the Domesday Book has highlighted the use o f microfocus X-ray 
diffraction to provide information within a very small sample. Although only several 
microns thick, the samples were able to produce enough scattering of sufficient intensity for 
this study. However, an intact sample as opposed to a surface scraping would have produced 
a greater intensity to analyse. One possible method that could have been used to create a 
greater scattering from a surface scraping would be to have set the X-ray beam at a slight 
angle to the sample, thereby creating more material to scatter the X-rays passing through the 
sample.
7.4.4 Overall view o f  Collagen Integrity within the Domesday Book
Analysis o f these historically significant samples on beamline ID18F at the ESRF has given a 
clearer picture o f the condition o f the Domesday Book and allowed a greater understanding 
of the degradation mechanisms in parchment. The use o f microfocus X-ray diffraction has
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resulted in the ability to scan minute size samples. The samples studied show the presence of 
intact collagen due to the occurrence o f axial diffraction. However, some samples displayed 
very weak axial diffraction; this is explained by the use of surface scraping as a technique to 
supply samples. In taking surface scrapings only the surface on the parchment was 
investigated instead o f the bulk o f the parchment. It has previously been proposed that the 
collagen at the surface o f parchment is found to be in an accelerated state of degradation 
when compared with the underneath (Kennedy et al., 2004b; Gonzalez and Wess, 2008b). 
Bulk samples instead o f surface scrapings would be more beneficial in future experiments. 
The use of high angle diffraction allows the observation o f mineral present in the samples. 
Very sharp intense mineral reflections were found in sample LD449r, which corresponds to 
the presence o f large amounts o f  mineral, particularly calcite.
This study allowed the use o f microfocus X-ray diffraction on the Domesday Book. To 
minimize damage to this valuable book, surface scrapings measuring a few microns in size 
were taken from a limited number o f pages. Since the surface layer has undergone greater 
exposure to damage inducing mechanisms any conclusions proposed on the state of 
degradation o f the Domesday Book may be weighted towards a higher state of degradation. 
Overall analysis o f these historically significant samples on beamline ID18F at the ESRF has 
given a clearer picture o f  the condition o f the Domesday Book and allowed a greater 
understanding o f the degradation mechanisms in parchment.
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Chapter 8: Conclusions
8.1 Introduction
The work presented here represents a detailed investigation into understanding how water and 
collagen interacts within the scope o f  parchment conservation and storage at the molecular 
and supramolecular level. This includes a study into the wetting o f parchment in 
conservation practices to flatten documents, as well as research into the effect of relative 
humidity variations on the storage o f records. The relationship has been studied using both 
X-ray diffraction and computer-aided molecular models. The combination o f these two 
techniques has enabled an understanding o f the interactions with water that may cause 
damage to collagen structure. This work has resulted in a collaborative project involving an 
iconic treasure o f Great Britain; the Domesday Book.
8.1.1 X-ray Diffraction as a Technique to Understand the Influence o f  Water 
on the Structure o f  Collagen within Parchment
The study on the effect o f hydration and air-drying o f parchment demonstrated the versatility 
of X-ray diffraction as a technique to investigate both the dry and hydrated structure of 
parchment. A number o f parchment samples gifted by the National Archives of Scotland 
were used during this study. These samples were analysed whilst dry, hydrated and air-dried 
using small-angle and wide-angle X-ray diffraction. One-dimensional linear traces were
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produced from the collected two-dimensional X-ray diffraction patterns. From these linear 
traces a series o f different parameters were calculated including the axial rise per residue, 
intermolecular lateral packing and the axial periodicity (D-period). By calculating these 
parameters in a number o f different states of hydration it is possible to observe if  there are 
any changes in the fibrillar structure o f collagen.
When studying parchment it is important to note that we are dealing with an inherently 
damaged system, unlike investigations using native collagen. Analysis showed that each 
parchment used in this study reacted in a different manner to hydration and air-drying, 
indicating the heterogeneous nature o f parchment. It is proposed that the heterogeneous 
nature of parchment results from the use o f a variety of animal skins, different techniques 
used during parchment manufacture and variation in storage conditions. At present 
conservators treat all parchment as one single homogenous material in both conservation 
treatment and storage. This study has highlighted the need to evaluate each parchment as an 
individual document with different needs for preservation and storage.
8.1.2 X-ray Diffraction to Understand the Effect Relative Humidity has on the 
Structural Integrity o f  Parchment
This work examined the effect o f relative humidity on parchment by utilising X-ray 
diffraction as a non-destructive technique to assess the structural integrity of collagen within 
parchment. There are two primary concerns in the preservation of parchment documents; the 
first is the immediate or short term effects o f the environment (relative humidity) in which 
they are kept, on the collagen molecular structure. The second concern is the long-term 
effects of the environment, associated with relative humidity. The effect of relative humidity
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on parchment is o f great importance in the preservation and storage of documents in a variety 
of locations including libraries and archives.
The work in this thesis has shown the need to consider the amount of water present in the 
parchment as opposed to the %RH o f the environment the parchment is stored under. From a 
scientific view point it would be more beneficial to consider the amount of water present 
within parchment although conservators do not measure the water content of their parchment 
samples, they use %RH. Therefore, an additional future study comparing the accuracy of 
using %RH as an indication o f water content would be advantageous.
This study has shown that under extreme levels of humidity structural alterations are 
observed in the collagen molecular structure. A variation in the axial D-period is observed in 
samples considered in a degraded state upon humidification whereas little or no alteration is 
seen in the axial D-period in samples considered in an intact state upon humidification. This 
may be due to the presence o f partially degraded collagen within the samples that accelerates 
the damaging effect o f humidity upon the collagen present. This implies that there is 
“resistance” to change in external forces at specific molecular levels. This “resistance” can 
be overridden by the presence o f deformation; a damaged system is more susceptible to 
external forces than an intact system.
Overall, our findings have shown that relative humidity has an extremely varied effect on 
parchment and greatly depends on the integrity o f the collagen present within the parchment. 
This study has further highlighted the need to evaluate each parchment document on an 
individual basis. This indicates that the need for a comprehensive humidity control of 
parchment samples is exceedingly important in the monitoring and preservation of valuable 
parchment samples particularly those that are believed to be in a more degraded state.
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8.1.3 M olecular M odelling o f  Changes in Fibrillar Collagen
The overall goal o f this chapter was to investigate alterations induced within the molecular 
structure o f collagen by various external factors. This chapter focused on changes in fibrillar 
collagen by drying, X-ray irradiation and mechanical deformation.
The observed changes in the X-ray diffraction patterns are summarized below:
• Drying
o Shortening o f  the D-period from 67nm to approximately 65nm. 
o The visible number o f meridional reflections decreases on drying, 
o The meridional reflections display a widening or fanning, 
o A splitting o f the meridional reflections is observed.
• X-ray irradiation
o The meridional reflections broadened with increased dose and diffraction 
order.
o New periodicities were observed in addition to the characteristic 67nm D- 
period for hydrated type I collagen.
• Mechanical deformation
o Increase in the D-period from 67nm to 68.8nm on mechanical loading, 
o The increase in D-period was reversible as long as the final D-period did not 
exceed 68.4nm.
o A change in the intensities o f the second and third order reflections, 
o Attenuation o f  the higher diffraction orders.
A number o f mechanisms were proposed that may contribute to the changes observed in the
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X-ray diffraction patterns from altered collagen. These were:
• A change in the axial rise per residue.
• The induction o f local disorder.
• The shearing o f  laterally adjoined molecules relative to each other.
• Breakages in the amino acid chains o f the collagen molecules.
• The induction o f molecule titling within the staggered array of collagen molecules.
X-ray diffraction is a useful non-destructive technique for investigating changes at a 
molecular and fibrillar level in collagen when differences are identified. Molecular 
modelling can begin to explain these structural changes and the factors affecting them. X-ray 
diffraction and molecular modelling compliment each other and when combined help to 
understand the variations in the fibrillar structure o f collagen.
8.1.4 The use o f  X-ray Diffraction to Study the Structural Integrity o f  
Historical Significant Documents
Sampling of historically significant parchment documents is often heavily restricted due to 
the valuable and irreplaceable nature o f the documents. This creates a dilemma when 
sampling for scientific investigations as many techniques are destructive and require a large 
sample size, however data is required to aid the survival of entire collections. Microfocus X- 
ray diffraction is therefore an ideal method for the investigation o f the structure o f parchment, 
as it is micro-destructive and requires sub-micron sized samples.
This study allowed the use o f microfocus X-ray diffraction on the Domesday Book. To 
minimize damage to this valuable book, surface scrapings measuring a few microns in size
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were taken from a limited number o f pages. Since the surface layer has undergone greater 
exposure to damage inducing mechanisms any conclusions proposed on the state of 
degradation o f the Domesday Book may be weighted towards a higher state of degradation. 
Overall analysis o f these historically significant samples on beamline ID18F at the ESRF has 
given a clearer picture o f  the condition o f the Domesday Book and allowed a greater 
understanding o f the degradation mechanisms in parchment.
8.2 Future Direction of Work
This thesis has highlighted many new areas to research further; some o f these are discussed 
below.
8.2.1 Investigation into Parchment as a Stratified Structure using Microfocus 
X-ray Diffraction
Parchment is a complex material where the degradative assault on the surface is greater than 
the sub-surfaces; strategies for maintaining the surface integrity are possibly of higher 
priority than the overall substructure. The assumption that collagen hierarchical behaviour is 
consistent throughout parchment from flesh to grain is probably invalid. Specific depth- 
resolved studies that can capture information from different levels of structural organisation 
are therefore required.
X-ray diffraction has been used in this thesis as a transmission technique where each 
diffraction pattern collected consists o f the composite diffraction features from the entire
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thickness o f the sample (Kennedy et al., 2004b). In comparison, microfocus X-ray 
diffraction is a technique that carries out surface-to-surface scans o f parchment, presenting 
the ability to analyse features present in disparate areas (Kennedy et al., 2004b). The use of 
microfocus X-ray diffraction will allow a detailed investigation into the collagen structure 
throughout the parchment at both the surface and the sub-surfaces.
Microfocus X-ray diffraction may also be used to assess how different humidity levels affect 
the surface and sub-surfaces o f  parchment at the nanoscopic and atomic levels. Since the 
hierarchical organisation o f collagen fibrils and fibres plays a key role in understanding 
structural fatigue and degradation, these levels o f architecture must also be quantified in 
response to tensors such as humidity.
The use o f microfocus X-ray diffraction could help investigate the effect o f humidity on all 
levels of collagen structural hierarchy and distinct layers in the parchment stratum and 
evaluate how penetrative the effects o f humidity are on parchment.
8.2.2 Investigation into the Effect o f  Long-Term Humidity Cycling on the 
Structure o f  Parchment
The work in this thesis has begun to address the immediate or short term effects o f variation 
in relative humidity (RH) on the structure o f parchment. A further concern not addressed by 
this thesis is the long-term effect o f relative humidity on parchment stored in museums, 
libraries and archives. To this end, the next step would be to investigate the effect of 
humidity cycling on parchment stored for a longer time-scale, for example a ten year period. 
The organisation o f such a long term project could prove to be extremely difficult, relying 
heavily on the collaboration o f a museum, library or archive to house the study. Maintaining
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a detailed long-term record o f the conditions in which the parchment is kept would 
necessitate a large number o f data logging devices to record the relative humidity and 
temperature o f the storage location.
8,2,3 Investigation into the Presence o f  Water Populations in Parchment 
using Optical Coherence Tomography (OCT) and Terahertz Spectroscopy 
(THz)
A catalogue o f different techniques is needed in order to investigate the presence, distribution 
and interaction o f different water populations at the microfibril, fibril and fibrous level, as 
well as to understand the movement o f water at all structural hierarchies in parchment. Two 
techniques that could be utilised are Optical Coherence Tomography (OCT) and Terahertz 
Spectroscopy (THz). These techniques would provide a detailed depth-resolved analysis of 
the behavioural changes o f collagen fibres when subject to hydration, and provide 
information regarding the behaviour o f water populations within the sample at all different 
levels of structural hierarchy.
Optical Coherence Tomography (OCT) has been used to examine human skin for several 
years (Saxer et al., 2000) and has recently been utilised in the examination of parchment 
degradation; in particular the effect o f iron gall ink upon the collagen (Gora et al., 2006). 
Terahertz (THz) spectroscopy has previously been used to examine low frequency collective 
vibrational modes o f biomolecules. Studies have been completed to assess skin and the 
dehydration o f collagen (Corridon and Wilke, 2007).
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8.2.4 Investigation into the Effect o f  Relative Humidity on Parchment using 
Fourier Transform Infra R ed (FTIR) Spectroscopy
Fourier Transform Infra Red (FTIR) Spectroscopy could be used as a technique to identify 
any changes in the collagen structure on exposure to a variation in the relative humidity. 
Work conducted by the W ess Group at Cardiff has shown that the FTIR spectra can be 
correlated to structural deviations o f the collagen helix motif and thence gelatinisation. In 
addition to FTIR micro Fourier Transform spectroscopy would allow the collection of spectra 
in micron steps at different depths within the sample, achieved by using a range of different 
wavelengths (Petra et al., 2005). Micro Fourier Transform spectroscopy could be used as a 
complimentary technique to microfocus X-ray diffraction.
8.2.5 Investigation into the Use o f  Different Animal Skins in the Production 
o f  Parchment
Previous studies on the effect o f humidity on parchment have been focused on a single skin 
type, often calfskin whereas parchment is manufactured from a range o f different animal 
skins including calfskin, goatskin, sheepskin and deerskin (Haines, 1999). In addition, these 
studies have assumed uniformity in the collagen throughout all the layers found in skin. 
Parchment made from calfskin contains a relatively shallow grain layer, fine corium fibres, 
compacted interweaving and an absence o f looseness between the grain and corium layers. 
In Goatskin, the corium fibres interweave well into the grain layer, so that there is no 
looseness between the two layers. Unlike calfskin and goatskin, the corium fibres in 
sheepskin are fine and less compactly interwoven. The interweaving of corium fibres is
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limited by the density and curl o f the wool fibres within the grain layer, which leads to 
looseness between the two layers. Deerskin is found to possess coarser corium fibre bundles 
than calfskin and goatskin. In addition, the weave is more loosely interwoven resulting in a 
stretchy parchment (Haines, 1999). These differences between the fibre size and the weaving 
of collagen fibres mean that the structural properties o f parchment made from different skins 
is significantly diverse. We suggest that more tightly woven fibres will be more resistant to 
humidity than loosely woven fibres. The effect of humidity on a variety o f different animal 
skins used in parchment manufacture could be investigated to establish whether a difference 
in the fibre size and the weaving o f fibres causes humidity to affect the parchment o f various 
species differently.
8.3 Summary
Understanding the molecular alterations in the structure o f collagen is important in gaining a 
comprehensive insight into the degradation o f parchment. This thesis has shown that the 
structural alterations in parchment can be studied using both X-ray diffraction and molecular 
modelling. Despite extensive X-ray diffraction studies on a number o f samples the 
nanostructure o f many parchment samples was found to be unaffected by a variation in the 
RH. Although the nanostructure o f the parchment (as judged by X-ray diffraction) was 
observed to be unchanged with RH the parchment samples appeared visually different. This 
implies that any changes within the parchment are occurring at a different structural length 
scale, for example at a mesoscopic length scale.
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1. INTRODUCTION
X-rays are e lectrom agn etic  w aves w ith  a  w a v e len g th  (A) in 
the range o f  10 nm  to 0.1 nm  (ap p rox im ate ly  1 ,000  tim es  
shorter than visible ligh t). T h e  w a v e len g th  o f  v isib le  light 
is in the order o f  6 .0  x  1CT7 m , w h erea s  X -rays u sed  in 
scattering and d iffraction are ap p roxim ate ly  0 .2  x  10~u  -
2.5 x  10-10 m [1]. T h e  d iscovery th at X -rays are scattered  
by m atter has b een  an essen tia l to o l in th e  investigation  
into the structure o f  gases, liq u ids, am o rp h o u s so lid s, and  
crystalline so lids at th e m o lecu la r  and a tom ic  levels. T h is  
chapter provides a d eta iled  d escr ip tion  o f  sm all-an g le  X -ray  
scattering and its app lication  in in vestiga tin g  a variety o f  
biological m aterials.
2. X-RAY DIFFRACTION AND 
SCATTERING
All m atter scatters X -rays. T h e  sca tterin g  p rocess  can be  
sim plified to a p h oton  co llid in g  w ith  m atter  and  the tw o  
interacting w ith o n e  another. T h e  en ergy  from  th e  in com ­
ing photon cau ses th e ch arged  partic les w ith in  th e  m atter  
to oscillate w ith th e sam e freq u en cy  as th e  incident
radiation. T h ese  oscillations w ith in the m atter cause the 
atom  to  becom e unstable, resulting in the eventual release  
o f  a ph oton . T his ph oton  is released  w ith the sam e energy  
as th e  incom ing incident ph oton; h en ce , n o  energy is lost 
from  the system . T his form  o f  scattering is coherent scat­
tering. T h e oth er form  o f  scattering is incoherent scatter­
ing, but as this is neglig ib le at sm all angles it will not be  
con sid ered  in this chapter.
D iffraction  is a specific  type o f  scattering that leads to 
large-scale interference effects, w here incom ing X-rays are 
scattered  by atom s in all d irections. T h e  m ajority o f  X-rays 
scattered  by m atter will interfere destructively; how ever, in 
so m e directions, the scattered  X -rays will be in phase, 
th erefore reinforcing each o th er and form ing diffracted  
beam s [1]. It is th e constructive in terference that creates  
th e observed  diffraction pattern. D estructive interference is 
the result o f  tw o w aves being exactly ou t o f  ph ase with on e  
another, w hile constructive interference occurs w hen two 
coh eren t waves com bin e, increasing th e am plitude o f  the 
resultant wave.
T h e ordering o f  th e m aterial leads to the inference o f  
w hether diffraction or scattering occurs. Scattering occurs 
w hen  the electron  density changes w ith in the sam ple; 
th ese  fluctuations can th en  b e  analyzed to provide struc­
tural inform ation. T h e  intensity o f  th e scattering corre­
sponds to the num ber o f  atom s present and their relative 
location .
Figure 1 show s the interference o f  tw o waves scattered  
from  different points with a path d ifference o f  2 and at an 
angle  o f  26. T h e incident-w ave vector kt and the scattered- 
w ave vector kf are in phase w ith a scattering angle betw een  
them  o f  26. T h e  path d ifference b etw een  the X-rays passing  
through th e poin ts A  and O  is
x -  y =  rkj -  rkf =  —r(kf -  kj) (1)
T h e ph ase is defin ed  as
O =  - q r  (2)
w hen th e scattering vector is
q =  (2rc/2)(kf -  kj) (3)
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Figure 1. S chem atic o f  the in terferen ce  b e tw een  tw o w aves sca ttered  from different points, A  and O , with a path differen ce o f  X and at an angle o f  20.
This scattering vector b isects  th e  a n g le  b e tw een  th e incident 
and scattered beam  and has th e fo llo w in g  len gth  [2]:
q =  y s i n 0  (4)
T he relative d istribution  o f  a to m s in a sa m p le  corresp on d s in 
scattering by th e relative d istan ces  b e tw een  sca tterin g  objects  
(atom s, in this case); it is o ften  m o re  ap p rop riate  to  con sid er  
the correlation fu nction  b e tw e en  sca tterin g  cen ters  in a sam ­
ple as op p osed  to  th e sa m p le  itse lf, an d  th en ce  infer the  
structure from  the corre la tion  fu n ction . T h e  corre la tion  func­
tion g(r) corresp onds to  th e  p robab ility  d en sity  o f  having tw o  
scatterers in the sam e sam p le  at a sp e c if ic  len g th , and its F ou ­
rier transform  (th e  spatially  inverse re la tio n sh ip ) is u sed  to  
calculate the am p litud e o f  th e sca tter in g  v ector  I(q). T h e  
scattering o f  th e X -rays w ith in  a sa m p le  resu lts  in a d istribu­
tion o f  X-rays con tin u ou sly  over  a b road  range o f  ang les. If 
the atom ic order w ith in  m atter  ten d s tow ard crystallinity, 
then diffraction occu rs w h ere  X -rays in teract w ith in  w ell- 
ordered structures, prod u cin g  a character istic  pattern  o f  
sharp peaks c o llected  o n  a d e te c to r  d u e  to  con stru ctive and  
destructive in terferen ce e ffec ts . M an y  b io lo g ica l sam ples  
exhibit both the characteristics o f  a sy stem  w hich  produ ces  
both scattering and d iffraction .
3. SMALL-ANGLE X-RAY SCATTERING 
(SAXS)
Sm all-angle X-ray scattering (S A X S ) is observed from  
alm ost all kinds o f  m atter, and it is w idely used in various 
fields, such as structural biophysics, soft con d en sed  matter, 
m aterial science, and for industrial applications. T he term  
sm all angle corresponds to th e scattering at very low  angles 
from  the direct beam  (typically 0 .1 -1 0 °). Scattering at low  
angles allow s the exam ination o f  large-scale structures from  
o n e  to several hundred nanom eters. L ow -angle scattering  
results from  a fluctuation in the electron  density. It is the 
existen ce o f  th ese  density in h om ogen eities  in the sam ple  
that is essentia l in producing characteristic scattering curves 
w hich then can be used  to  exp lore m icrostructure on  the 
collo idal length scale.
SA X S is condu cted  by passing a co llim ated  X-ray beam  
with a specific  w avelength X through the sam ple. T he inten­
sity changes I{q) are m easured  as a function  o f  the scatter­
ing angle 6. A  schem atic drawing o f  the setup  is show n in 
Figure 2.
A s w ell as the large range o f  length  scales covered  by the 
techn iq ues, the oth er advantages o f  SA X S are that minimal 
sam ple preparation is required and the techn iq ue relies on
XRD S catte ring  at higher angles (>6 -1 8 0 °)
Sample typ ica lly  50p - 9Q0p th ick
Incident X-rays
SAXS
S catte ring  at very low  angles from 
the  d irect beam  (typ ica lly  0.1 -1 0 °)
Figure 2. Schem atic show in g th e p r in c ip les o f  X -ray diffraction (X R D ) and sm all-angle X-ray scattering (SA X S ).
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the sim u ltan eou s scatter  from  severa l scatterers and yields  
excellent sam p lin g  statistics.
In F igure 3a, p artic les are sep a ra ted  w idely  en ou gh  to  
m ake in d ep en d en t co n tr ib u tio n s  to  th e  scatterin g  pattern, 
and with increasin g c o n cen tra tio n  in th e  sam p le , interfer­
ence e ffects  w ill occu r w h ich  p ro d u ce  d istin ctive  reflections  
(F igure 3c, 3d , and 3 e ). A  sin g le -p a rtic le  e lectro n  density  
distribution has a fin ite  size; h e n c e , th e in ten sity  drops co n ­
tinuously w ith th e  in creasin g  sca tterin g  vector  (F igu re  3b). 
A  scattering curve p rod u ced  from  a so lid  sta te  (F igu re  3 e ) 
consists o f  sharp peaks that reflect h igh  regularity in the 
m aterial lattice.
4. ANALYSIS OF SAXS PATTERNS
Sm all-angle X -ray sca tterin g  is u sed  to  d e term in e  th e  struc­
ture and organ ization  in a sa m p le  at th e  nanostructural 
level. T he shape and d istr ib u tion  o f  th e  scatterin g  at low
a)
b)
c)
d)
Figure 3. Scattering curves g en era ted  from  variou s states o f  matter: 
(a) gas-type sam p le, (b ) s in g le  p artic le, (c )  liqu id-typ e, (d ) quasi-crys­
talline, and (e )  so lid  state.
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angles provide inform ation such as size, shape, arrange­
m ent, and internal porosity o f  the scattering particles. In 
som e cases such as liquids, the distribution o f  scattering is 
isotropic in term s o f  its radial distribution; how ever, sam ­
ples such as fibers or sam ples align ed by flow  o f  liquid show  
preferred orientation  in the S A X S signal, and often  it is 
preferable to co llect the scattered  signal as a tw o-dim en­
sional (2 D ) im age as op p osed  to  a signal o f  intensity versus 
scattering angle.
4.1. Data Collection
T he 2 D  SA X S im ages are co llected  using a setup  similar to  
the on e  show n in Figure 2. It consists o f  a selected  X-ray  
source that generates radiation, a detector, and a specim en  
w hich is m ou nted  betw een th ose devices. E m itted  X-rays 
are scattered by electrons in the specim en , and a character­
istic pattern is recorded on  a selected  detector. T he m ost 
w idely used  detectors are silicon-b ased  charge-coupled  
devices (C C D s) w here readout takes second s and can be  
transferred directly to  the com pu ter m em ory after each  
exposure. T he location  o f  the detector  can be varied, result­
ing in d ifferent detector-to -specim en  distances. It is the 
detector-to-sam p le length that provides inform ation about 
th e specim en at different length scales. A  shorter detector- 
to-specim en  distance provides detail about th e short-order  
(h igher resolution) structures, w h ile  a longer detector-to- 
specim en  distance provides inform ation on  th e long-range  
structures.
A s m ost o f  the X-rays p asses through the specim en  
unscattered, it is necessary to prevent the direct beam  from  
striking the cam era. A s a result, a lead beam stop is 
m ou nted  betw een  the specim en  and the detector directly in 
line with the em itted  radiation, absorbing the rays from the  
direct beam . B iological sam ples can be rapidly dam aged by 
X-ray radiation; o n e  possib le way to  prevent radiation dam ­
age to b iological m aterials is to  freeze  the specim en .
4.2. Data Correction
C haracteristic sm all-angle scattering patterns are usually  
accom panied  by oth er scattered  radiation w hich is not due  
to  the interaction w ith th e sam ple. B efore analyzing the 
data, it is im portant to subtract this background radiation  
from  the original data to obtain correct intensity values and 
a clearer scattering im age. U su ally , it can be don e by 
repeating the sam e experim ental cond itions and recording  
the im age o f  an em pty cell w ithout the specim en present. 
T his background im age can th en  be subtracted from  the 
co llected  data (w ith a sm all consideration  m ad e for the 
transm ission o f  the sam ple) to  rem ove m any artifacts intro­
du ced to the original im age. O n ce  corrected  for the back­
ground radiation and artifacts, th e data can be analyzed.
4.3. Data Reduction and Analysis
T he m ain aim  o f  data analysis is to  extract inform ation  
from  the scattering data that relates to  physical param eters 
w ithin the sam ple; this relates to  particle size, crystallinity, 
orientation, nanoporosity, and so  on . D ata  can be reduced  
by the conversion o f  the scattering im ages into polar plots.
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If scattering is isotropic in the azim uthal (angular-dependent) 
distribution, this is sim ply a m atter o f  in tegratin g  th e  signal 
over the w h ole  angular d istr ibu tion  o f  th e  d e tec to r . A n iso ­
tropic scattering calls for  m ore  selec tiv e  reg io n s o f  integra­
tion in order to  extract m ore s ign ifican t in form ation  from  
specific parts o f  th e scatterin g signal. O n ce  th e  2 D  data are 
reduced to a polar p lot, it is p o ssib le  to  crea te  a o n e -d im e n ­
sional ( I D )  linear intensity pro file  from  th e  sca tterin g  data. 
T he conversion o f  C artesian co o rd in a te s  to  p o lar  co o rd i­
nates allows the intensity d istribution  o f  th e  scatterin g  to  be  
plotted against an angular p osition , a llow in g  th e  estim ation  
o f structural param eters.
Various com puter program s are currently  availab le for  
data reduction and processing. T h e se  ch a n g e  on  a lm ost a 
year-by-year basis and are frequently  u p d ated  to  accou nt 
for new m odalities o f  softw are analysis. T h e  m o st usefu l 
and com m only used  o f  th ese  are as fo llow s.
4.3.1. FibreFix
FibreFix is a C ollaborative C om p u ta tion a l P roject for  F ibre  
D iffraction and S olu tion  Scattering (C C P 13) so ftw are pack­
age created to determ ine sp ecific  param eters from  fib er d if­
fraction patterns. T h is user-fr ien d ly  program  conta in s  
various analytical features that a llow  th e  raw data  to  be  
read in and displayed as a 2 D  im age. It a lso  has m any ad d i­
tional features: for exam ple, it a llow s adjustm ent o f  the  
intensity scale and the contrast o f  th e im age, a llow s estim a­
tion and rem oval o f  th e background rad iation , a llow s ca lcu ­
lation o f  the im age center, can ca lcu late  any sp ec im en  tilt, 
and finally is able to  gen erate  I D  in ten sity  profiles . T he  
user can also ch oose  the type o f  lin ear in ten sity  p lo t to  be  
outputted , for exam ple an in tensity p ro file  a lo n g  a lin e or a 
scan around an arc.
FibreFix is available from  h ttp ://w w w .ccp l3 .ac .u k .
4.3.2. Fit2D
A nother softw are program  co m m o n ly  u sed  for  analysis o f  
2D  scattering patterns is F it2D . It p erform s m athem atica l 
operations and geom etrical transform ations su ch  as in ten ­
sity scaling, background subtraction , ca lcu la tion  o f  th e  I D  
plot along the arc, and display o f  a th ree -d im en sio n a l (3 D )  
surface view. F it2D  can a lso  b e  u sed  to  analyze p ow d er  d if­
fraction data and perform s such m an ip u la tion s as cen ter  
estim ation, polar transform ation  o f  th e  data, and gen era ­
tion o f  a ID  intensity p rofile  as a fu n ction  o f  azim uth  [3].
F it2D  is available from  the E u ro p ea n  Syn ch rotron  R a d ia ­
tion Facility, h ttp ://w w w .esrf.eu /com p u tin g /scien tific /F IT 2D /.
4.3.3. Peak Fit
O nce ID  intensity profiles are o b ta in ed  from  2 D  fib er d if­
fraction data, the traces n e e d  to  b e  an alyzed . T h e  prod u ced  
ID  intensity profiles con sist o f  ser ie s  o f  p eak s produ ced  
from long-range order and a lso  con ta in  o th er  reflection s  
such as those derived from  a u n iform  fibril radius or an 
interm olecular d istance. H o w ever , so m e  p eak s in th e  linear  
traces can be h id den or sh o u ld ere d , w h ich  m ay b e  du e to  
noise and/or a large am ou n t o f  d iffu se  scatterin g . T h ere­
fore, detailed  d eterm in ation  o f  th e  p eak  param eters is 
needed. T h ese  can b e  ca lcu la ted  u sin g  sp ecia l com pu ter
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program s such as PeakFit (Systat Softw are Inc.), w hich is a 
non linear curve-fitting softw are that can b e  u sed  to sep a­
rate all peaks present in the linear p lot. It enab les the user 
to  fit and subtract the b aselin e from  the traces using differ­
ent characteristic m od els  for each  different data set (e.g., 
exponentia l or logarithm ic). It also allow s th e peaks to  be  
m ap ped  and fitted , w hich allow s th e calculation o f  the peak 
param eters such as th e peak position , th e peak am plitude, 
th e integral area, and th e peak w idth (full w idth half m axi­
m um , or F W H M ). PeakF it also  m akes it possib le to  con­
duct m ore advanced data m anipulation  using the software  
such as Fourier transform , G aussian convolution , and L oess  
algorithm  for sm oothing.
PeakF it is available from  http://w ww .systat.com /products/ 
PeakFit/.
4.3.4. Primus
I D  sm all-angle scattering data obta ined  from  solution  scat­
tering from  b iological m acrom olecu les can b e  processed  by 
softw are such as Prim us. It perform s various m anipulation  
fu nctions such as averaging, background subtraction, and 
evaluation  o f  param eters: radius o f  gyration, Porod’s vol­
um e, zero intensity, and m olecu lar w eight from  G uinier  
and P orod plots. A  com p reh en sive  gu id e  to Prim us is given 
by K onarev e t al. [4],
Prim us is available from  http ://w w w .ccp l3 .ac.u k .
4.4. Scattering Analysis
Scattering curves ob ta in ed  from  th e interaction o f  m atter 
w ith radiation and recorded  o n  a detector contain a vast 
am ou nt o f  d e ta iled  in form ation  about its nanostructure. 
T h e next step  after gen eratin g  a linear intensity profile from  
a 2 D  d etector  o u tp u t is th e determ ination  o f  param eters 
characteristic  for th e nanostructural inh om ogeneity  that 
p rod u ces th e scattering. T his very o ften  is a m acrom olecule  
or a nan oparticu late. T h e  characterization o f  the physical 
featu res is m ad e by tw o m ain approaches: (1 ) the estim ation  
o f  structural param eters by com parison  o f  relative parts o f  
th e  scatterin g curve, w here th e decay and m easured  inten­
sity o f  the scattering curve can be used  to indicate size, 
sh ap e, and interfacial surface area; and (2 ) the scattering  
curve is sim ulated  (m o d e led ) from  a m odel system  w here  
th e shape o f  the nan ofeature and the association betw een  
scattering objects are used  to m od ulate  the scattering curve 
(se e  S ection  4.6).
F igure 4 show s a scattering curve with specific  regions 
that can be u sed  to  determ ine the structure o f  the particle. 
T h e  scattering intensity is d efin ed  as
I ( q ) = / 0P ( q )* S (q )  (5)
w here th e intensity o f  th e incident radiation is Iq, the form  
factor is P(q), and the structure factor is S(q). T hey can be  
u sed  to  determ ine the size and shape o f  the particle and the 
interactions present betw een the particles. T he innerm ost 
(G u in ier) and final (P orod) regions o f  the scattering curve 
are u sed  to estim ate a radius o f  gyration and surface area, 
respectively.
D irectly  from  the scattering pattern , th e follow ing param ­
eters can b e  obtained.
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Figure 4. R ep resen tation  o f  a sca tter in g  curve with the p aram eters that can be extracted from a scattering pattern labeled. T h e regions labeled are 
the G uinier region, the Porod reg ion , th e  form  factor, and the structure factor.
4.4.1. Molecular Weight
M olecular w eight o f  th e m o le c u le  can  b e  d eterm in ed  from  
a scattering pattern o f  its h o m o g en eo u s  so lu tion . For the  
particles o f  arbitrary sh ap e , it can b e  d eterm in ed  from  the  
following equation:
M  = 1(0) a2 1(0) 21,0 a2
P Az2 d  ■ c ■ Ie ■ N l ~~ P ' Az2 d  c (6)
4.4.2. Radius of Gyration
R adius o f  gyration is an intuitive m easure for the spatial 
extension  o f  the particle. Its value d ep en d s on  the distances  
o f  all electron s in the particle from  their gravity cen ter and  
can b e  obtained from  the initial (in nerm ost) region o f  the 
scattering curve, w here scattering data are insensitive to 
fluctuations in th e electron  density. T he G uinier approxi­
m ation show s a relationship b etw een  integrated scattering  
intensity and the radius o f  gyration R g [6]:
where Az is an e lectron  d en sity  d ifferen ce , P  is th e inte­
grated intensity, 1(0) is an  in ten sity  at zero  angle, a 
sam ple-detector d istan ce , d  is sa m p le  th ick n ess, c is con ­
centration, Ie is th e T h o m so n  factor  (e ffec tiv e  cross sec ­
tion o f  the e lectro n ), and N L is th e  A v o g a d ro  num ber. 
C orresponding m ass per u n it len g th  can  b e  d eterm in ed  
for cylindrical and flat partic les [5].
I ( q )  =  I ( q  =  0) exp ( - q 2R^ /-$) (7)
In a G uinier plot o f  Irt I  vs (26)2, the radius o f  gyration R g 
is proportional to  th e square root o f  the slope o f  the tangent 
in the lim it o f  26 —» 0  [2]. F igure 5 show s a G uinier p lot w here  
a negative slop e  gradient is present, 2and its value can be 
used  to estim ate  radius o f  gyration ^ 8  [7].
8 .5
c  75
y = - 1 0 . 6 8 1 x  + 8.9286  
slope: -10.681  
Rg: 5 .66 nm
6.5
0.2 0.25 0.30.150 .05 0.10
Figure 5. G uinier plot o f  In I(q ) against q 2. T h e  in nerm ost part o f  the scattering curve is used to calculate the size o f  the m olecu le. T h e slop e from  
the G uinier p lot is d irectly  related  to  th e  radius o f  gyration.
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E xam ples o f  th e  stu d ies  w h ere  radius o f  gyration has 
been ca lculated  from  th e  sm a ll-a n g le  scatterin g  pattern  
are th ose d eterm in in g  th e  ca lm od u lin  ch an ges  in th e pres­
ence o f  calcium  [8], studying th e  e ffec ts  o f  sugars on  pro­
teins involved in sugar transport in Escherichia coli [9], 
and, recently, d e term in in g  fibrillin-1 n an ostru ctu re  [10].
4.4.3. Volume of the Molecule
T he volum e param eter can b e  o b ta in ed  from  th e  central 
region o f  the scatterin g curve from  th e  p artic les that co n ­
tain h o m ogen eou s e lectron  d en sity  d istr ibu tion  using the 
following equation:
V = K*  ---------  (8)
J’ 1(26) ■ (26)2 ■ d(26)o
w here Io is the scattered  in ten sity  at zero  an g le  and K  is 
the invariant for a given  c o n cen tra tio n , K  =  (a _  sp ec i­
m en to detector d istan ce) [2].
4.4.4. Surface Area
T he surface area o f  d om ain s in th e  n a n o sca le  can  b e  d eter­
m ined from  P orod ’s fourth  p ow er  law  [11]. T h e  scatterin g  
intensity distribution results from  spatia l variation s and  
density fluctuations w ith in  th e  sam p le . V ariations o f  this 
kind are o ften  fou nd  in c o llo id a l sy stem s, p orou s m edia , or 
suspensions. W hen tw o m ed ia  are sep ara ted  by a sharp  
interface, asym ptotic scatterin g  occu rs  in th e  h igh  q region  
(Porod region), and sca tterin g  in ten sity  can be m easu red  
using Porod’s law:
I ( q ) = I e2np2S/q4 (9)
where p is the e lectron  d en sity  d iffere n ce , S is th e  surface  
interface, and Ib stan d s for b ack grou n d  sca tterin g  that is 
always present in the sam p le  [12].
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I f a scattering curve is p lo tted  as I(q)*q4 against q4, it 
results in a Porod plot (show n in Figure 6). It is characteris­
tic for a m edium  m ade o f  tw o ph ases separated by a sharp 
interface and contains a curve w ith a single bum p before  
reaching the K irste-Porod lim it at large q. This lim it value 
can b e  calculated from  th e y-in tercept and corresponds to  a 
Porod constant that is directly proportional to  the surface 
area [2]:
CP =  2n(Ap)2 ■ S (10)
A part from  the position , th e w idth o f  the bum p from  
the Porod p lot can also provide inform ation about the 
structure o f  the m olecu les as it is related to size polydis- 
persity [12].
P orod’s law predicts a rapid decay o f  the scattering inten­
sity as q~4, w hich leads to usually low  intensities in the 
Porod regim e. T his m ay cause d ifficulties in the separation  
o f  the signal from  the background scattering and the inter­
pretation o f  the data. A noth er disadvantage is various cali­
bration procedures that are applied to the data and may 
cause up to 20%  error o f  the ca lculated  Porod constant 
[13]. H ow ever, in the appropriate range o f  Q  values and 
w ith low  values o f  background scattering, this m eth od  is 
extrem ely useful and has b een  w idely used  to study changes  
and differences o f  total surface or interface area in sam ples  
such as porous m edia, co llo id  su sp en sion s, or m icroem ul­
sions. A s an exam ple, it was used  to study silica colloids  
susp en ded  in w ater [14], nan ofeatures present in an avian 
eggshell [15], archaeological b on es [16], and a surface o f  a 
cem en t paste [13].
4.4.5. Radius of the Cylindrical (Rodlike) 
Particles
A  scattering pattern o f  uniform  rodlike particles can be  
conveniently described as a first-order B essel function. A  
linear p lot o f  intensity vs. scattering vector Q converted  
from  a 2D  scattering pattern from  a solid  cylinder consists
Porod Constant
TTTT
M B
SCO 4— .......................~ ... .. ......    ».................................................................................................    *
0  SO 103 WB COB 820
q'lnm)
Figure 6. I(q )*q4 versus q 4; a P orod  p lo t o b ta in ed  from  the scattering curve o f  a m edium  containing two separated phases. Scattering curve 
approach a constan t (P orod  lim it) at h igh q.
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o f  characteristic m in im a  and  m axim a, w hich  p osition s are 
related to  its radius (r) an d  can  b e  u sed  to  estim ate  its 
value. Intensity  o f  th e  sca ttered  X -rays is proportion al form  
factor F2, g iven  by eq n  (11):
F(Q) =  pA 2 /.(Q r )  
Qr ( 11)
w h e r e //  is th e  first-order B esse l fu n ction  o f  th e  first kind and  
A is a cross-section al area o f  th e  cy lin d er  (nr2). T h e  scattering  
intensity o f  a sin g le  or  a g ro u p  o f  u n iform ly sh ap ed  cylinders  
is given by
I(Q) =  b +  cr4
and, for the p o lyd isp erse  system ,
2 J\(Qr)
Qr
I(Q) =  b +  c J 2 r f w i 2h(Qr,)
Or,
( 12)
(13)
where b and c corresp on d  to  a b a se lin e  correc tion  and  scaling  
factor, respectively, and w, is a freq u en cy  o f  occu rren ce  o f  a 
given radius [2 ,1 2 ,1 7 - 1 9 ] .
T he m ajority o f  b io log ica l t issu es  in term s o f  g lobal b io ­
mass, such as co n n ective  tissu es  o r  w o o d , are bu ilt from  
long-chain fibril-form ing b io lo g ica l m o lecu le s  (e .g ., co lla ­
gen, fibrillin, and ce llu lo se ) . T h o s e  fibrils or  m o lecu le s  can  
be conveniently descr ib ed  as cy lind ers, o ften  o f  uniform  
diam eter; h en ce , they p ro d u ce  character istic  reflection s on  
a scattering pattern . T h is fact has b e e n  u sed  in various co n ­
nective tissue stu d ies and has g iven  an insight in to  their  
m olecular structure [17, 1 9 -2 1 ] ,
4.5. Diffraction Analysis
M any biological su b stan ces that d o  n o t form  m on olith ic  
crystals still contain  lon g- or  sh ort-ran ge  order reg ion s and  
can generate distinctive d iffraction  p a ttern s characteristic  o f  
preferentially a lign ed  p o ly c iy sta llites . A n  ex a m p le  can be  
fibrous m aterials such  as co lla g en , m u sc le  fib ers, or fibrillin. 
Figure 7 show s a d iffraction  pattern  characteristic  for rat 
tail tendon type I co lla g en  (F ig u re  7 a ) and  a corresp on d in g  
linear intensity profile  (F igu re  7b).
T h e follow ing param eters can be calculated  from  the dif­
fraction pattern.
4.5.1. Determination of Intermolecular/ 
Particulate Distance
W hen m any particles are involved in th e scattering process  
(e .g ., a great num ber o f  m olecu les in th e so lution  or fibrils 
in the b iological tissue), an interference e ffect will occur. 
A ttraction and/or repulsive forces w ill effect in characteris­
tic ordering o f  the individual particles, and their strength  
will depend  on  the packing density o f  the m olecules. Scat­
tering intensity is correlated with the interference function, 
and their relationship is given by
I(K) =  F2 ■ G(K) (14)
w here F2 is the scattered intensity for a single particle and 
G(K) is the interference function characteristic o f  the inter­
action between the d iscrete scattering objects.
4.5.2. Particle Size Distribution
W hen a great num ber o f  particles are present in the solu­
tion and their size is sufficiently uniform , they will generate  
a scattering pattern characteristic for a single particle. 
H ow ever, variation o f  the size still occurs and becom es a 
param eter that can be determ ined  from  the scattering  
curve. T he size distribution can be described as Dn(R), 
w hich defin es a num ber o f  particles o f  size R. M any analyti­
cal m eth ods o f  size distribution determ ination  have been  
d evelop ed  and published [2, 2 2 -25 ].
4.5.3. Periodicity
S om e biological m olecu les (e .g ., co llagen  and fibrillin) are 
characterized by a highly ordered  long-range structure. A s 
sm all-angle scattering is highly sensitive to any form  o f  
order, it can be u sed  to determ ine param eters characteriz­
ing the structure o f  th ose m olecu les. O n e o f  the param eters 
is axial periodicity, w hich derives from  the e lectron density  
distribution along th e m olecu le  and gives rise to  equidistant 
B ragg’s reflections on  the scattering pattern. Periodicity can 
b e easily estim ated  as a reciprocal value o f  a m easured dis­
tance betw een  th ose reflections. B ecau se th e long-range
3rd order 
of diffraction
9th order 
of diffraction
0 6
o.io 0.12
9th order 
of diffraction
3rd order 
of diffraction
Figure 7. T h e conversion  o f  (a )  a C artesian  tw o-d im en sion a l im age o f  rat tail tendon to  (b ) a linear intensity distribution. T he third and ninth 
orders o f  diffraction are h igh ligh ted .
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order o f  rat tail tend on  co llagen  g ives rise to  strong reflec­
tions and equid istant peaks, it is o ften  used  as a spatial cali­
bration sam ple in S A X S experim ents.
4.6. Data Interpretation
The param eters described  above characterize th e size and 
shape o f  the particle and can b e  d irectly  determ ined  from  
the scattering curve. U n d erstan d in g  o f  the scattering proc­
ess and the reciprocal correlation  b e tw een  particle size and 
scattering angle enab led  scien tists  to  calcu late  theoretical 
scattering curves for th e particles o f  any shape and size. To 
interpret experim ental curves and obtain  inform ation about 
the size and shape o f  the object, very o ften  th ose  sim ulated  
com puter m od els w ere gen era ted  and com pared  with the  
real data. O ne approach is to  b u ild  m od els  o f  various 
shapes such as spheres or cylinders, gen era te  corresponding  
scattering curves, and use s im u lated  ann ea ling  (S A ) a lgo­
rithms to fit the data. A fter  ob ta in in g  th e th eoretical curve 
that best fits the data, o n e  can  obtain  inform ation  about the 
approximate size and shape o f  th e  particle. S A  program s 
generate random “m ovem en ts” o f  th e e lem en ts  (h ere , these  
are a rearrangem ent in shape and size  o f  the m olecu le  and 
corresponding changes on  th e scatterin g  pattern ) and by 
trial and error anneal the data, w hich  leads to  an iterative 
improvement [26]. A fter  obta in in g  th e th eoretical curve 
that best fits the data, o n e  can  obta in  inform ation  about the  
approximate size and shape o f  th e particle.
T he initial analysis and reconstruction  o f  th e size  and 
shape o f the m olecu les used  an a priori approach. Inform a­
tion obtained from oth er  m eth o d s w as used  to generate  
theoretical m odels on  a trial-and-error basis. H ow ever, 
recent m odeling studies have show n that an X -ray scatter­
ing curve contains sufficient in form ation  to  use ab initio 
methods. T he ab initio approach u se s  b ead -m od elin g  m eth­
ods to reconstruct the m ost reliab le  sh ap e. A s  th e total vo l­
ume o f  the m olecu le  is know n from  the scattering pattern, 
computer program s “ fill” th e m axim um  area w ith  beads. 
The scattering curve is th en  g en era ted  from  th e m odel 
using D ebye’s form ula [27]. Starting from  a random  distri­
bution, the m odel is being m od ified  until th e best m atch is 
obtained [28]. T he construction  o f  th e average m od els  can 
be performed by such program s as D am aver [28] or Sup- 
comb. T he latter program  en ab les  users to  m atch 3 D  struc­
tures using the norm alized  spatial d iscrepancy (N S D )  
algorithm to m easure sim ilarity b e tw een  th e objects [29]. 
Other software packages currently available for ab initio 
structure analysis are Sasha [30], D am m in  [31], or G asbor  
[32]. Programs such as C red o en a b le  users to  add m issing  
fragments (e.g ., loops or d om ain s) to  existing  m od els. This  
m ethod becom es useful if  th e structure o f  th e m olecu le  is 
already determ ined by o th er  tech n iq u es  (such  as X -ray crys­
tallography or N M R ), but so m e d isorgan ized  regions still 
remain unknown [33].
The aim o f  all m od elin g  stu d ies  is to  recover the 3D  
structure o f  the m olecu le  from  its I D  scattering curve. A  
recent developm ent o f  ab initio m eth o d s and the availability  
o f sophisticated com puter program s en ab led  scientists to 
determine the structure o f  various m o lecu les  [34-36].
A ll the programs described  ab ove  are available from  the  
CCP13 website (http ://w w w .ccp l3 .ac.u k).
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5. APPLICATION OF SA X S
T he advantages o f  SAXS are that it does not require any 
specific chem ical preparation o f  the sam ple prior to m ea­
surem ent (such as electron density enhancem ent or dehy­
dration); hence, treatm ents such as fixation and staining, 
which can introduce artifacts into the final im age, can be 
avoided. This nondestructive technique allows analysis o f 
solid or liquid materials and is com m only used in structural 
studies o f  materials such as keratin, collagen, lipids, fibril­
lin, carbohydrates, bone, and minerals.
5.1. Keratins
Keratin is an abundant fibrous structural protein found in 
hair, nails, claws, horns, scales, feathers (beta-keratins), and 
the outerm ost layer o f  the skin. T he helical m olecules that 
com prise keratin are found to twist around each other to 
form interm ediate filam ents. Keratins are tough, fibrous tis­
sues due to their ability to form  covalent chem ical bonds 
resulting in a rigid aggregate. Nails are a substructure o f  
the outer layer o f  skin and are m ade o f  the protein keratin, 
which is form ed by am ino acids. T hese proteins are a 
strong, flexible m aterial m ade from  many layers o f  dead, 
flattened cells.
Hair is also com posed o f  keratin: the acidic type I hair 
keratin, and the basic type II hair keratin. Keratin in hair is 
softer and m ore flexible than many o f  the keratins. T he use 
o f sm all-angle X-ray scattering has allowed the long-range  
structure o f  keratins to be sum m ised and, m ore recently, 
the growth zones o f  a hair follicle to be studied [37]. 
H um an hair fiber shows three main regions in cross section. 
T he m edulla is the central region, which contains loosely  
packed cells; the cortex com prises closely packed keratin 
microfibrils; and the outerm ost layer is the cuticle, which is 
com posed o f  interm ediate filam ents [38, 39].
Figure 8 shows a sm all-angle X-ray scattering pattern o f  
hum an hair with an equatorial distribution o f  scattered 
intensity highlighted. U sing  this feature, the structure o f 
alpha-keratin can be revealed, allowing param eters such as
Figure 8. Small-angle X-ray scattering pattern o f  hum an hair. The hair 
axis is vertical, and the equatorial features horizontal. Reprinted with 
permission from [40], F  Briki et al., Biochim. Biophys. Acta 1429, 5 7 -  
68 (1998). ©  1998, Elsevier.
Equatorial distribution 
of scattered intensity
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the shape and packing o f  th e keratin  m icrofibrils to  be cal­
culated. T he intensity o f  the equatoria l scattering is attrib­
uted to the lateral packing b etw een  th e interm ediate  
filaments [39, 40].
5.2. Collagen
Small-angle scattering has proved to  b e  a usefu l too l to 
investigate the structure o f  b io log ica l m o lecu les  in soft tis­
sues. O ne exam ple is co llagen , w hich  is the m ost abundant 
protein o f  the m am m alian body [41]. T h ere  are m any differ­
ent forms o f  collagen; m ore than 30  types o f  collagen  have 
been discovered [42]. T h e m ost abundant type o f  collagen  
and the first discovered w as type I co llagen , w hich is found  
predominately in tendons, skin, breasts, and corn eas [43]. 
Collagen structure is h ighly ord ered , and th e m olecu les  
are regularly staggered by a fixed d istan ce (tissue-specific  
D-period); m oreover, in so m e tissues they have a uniform  
diameter and fixed cen ter-to -cen ter d istan ce. T h e  hierarchi­
cal organization o f  fibrillar co llagen  is show n in Figure 9.
This high level o f  organization  in tissues, w h ere there is 
an obvious high-volum e fraction o f  m acrom olecu les (> 0 .2 ) ,  
can produce scattering o f  the incom ing  X-rays and generate  
characteristic sharp reflections on  a scattering pattern. Less 
organized structures produce a m ore d iffuse scattering pat­
tern. Two distinct form s o f  scatterin g occur: m erid ional and  
equatorial reflections. M erid ional reflections, a  series o f  
Bragg reflections parallel to  th e fiber axis, provide inform a­
tion about the long-range rep eating axial structure o f  
fibrillar collagen. T he equatorial reflections are fou nd  per­
pendicular to the fiber axis and supply  in form ation  on  the  
lateral packing o f  the m olecu les w ith in a fibril. T h e fiber 
diagram o f  collagen— like that o f  keratin— is rich and 
extends to a resolution o f  about 0.1 nm , w here th e e ffect o f  
nearest atom s is approached. T h e S A X S  profile o f  collagen  
has proven more difficult to  e lu c id a te  than the high-angle  
studies since the fibrillar organization  in th e w et and dry 
states is noticeably d ifferent, and both  are insufficiently  
explained by current m od els  o f  m o lecu lar organization .
5.2.1. Skin
Skin com prises a specific collagenous-based tissue where  
SAXS has contributed significantly to our understanding o f 
the organization within the m ultiple layers o f  epithelial tis­
sues that guard underlying m uscles and organs. Skin is 
com posed  o f collagen organized into fibrils, which are in 
turn grouped into bundles or fibers (see  Figure 9). A  small- 
angle X-ray scattering pattern o f  skin is shown in Figure 10.
Sm all-angle X-ray scattering has been  used to investigate 
skin, which contains both type I and type III collagen, 
revealing a detailed supram olecular organization o f colla­
gen m olecules into fibrils and fibers [44]. It was found that 
the axial periodicity o f  skin (type I and type III collagen) is
65.5 nm , com pared with the 67 nm periodicity o f rat tail 
tendon (type I collagen only) [45-47].
U nderstanding the structure o f  skin and its hierarchical 
arrangem ents is o f  great im portance for many medical 
applications such as skin grafting and in postm ortem  or his­
torical uses o f  skin such as in parchm ent, which is made 
from  untanned animal skins. W riting on prepared animal 
skin has been  used for many centuries and is o f  vital impor­
tance as it contains m uch o f our written history. A s parch­
m ent degrades over tim e, it loses strength and becom es 
brittle and unusable [48]; sm all-angle X-ray diffraction has 
been  used to com pile a detailed explanation o f  how this 
degradation affects the structural integrity o f  historical 
parchm ent [49]. It has also facilitated a greater understand­
ing o f  how factors like ultraviolet (U V ) rays, hydration, rel­
ative humidity m isuse, and the presence o f  lipids affect 
the structure o f  parchm ent and cause irreversible dam age 
[48, 50-52].
Leather is produced from the tanning o f  animal hides 
and skins. T he leather industry is a vast area with many 
products ranging from clothing to book bindings. U nder­
standing the structure o f  leather is considered important in 
trying to produce better quality leather and aid in the pres­
ervation o f  leather products. SA X S experim ents have been  
carried out on  leather to investigate the effects o f  biaxial 
stretching on  the fiber orientation [53] and the production 
process o f  leather and parchm ent [52].
(»)
103 2nm
(b) (c) (<0
122 6nm
I
— 67nm
0.286ftfr
1.4nm
Figure 9. Collagen hierarchy: (a )  fibril packing, (b ) microfibril packing, (c) collagen triple helix, and (d ) the helical rise per residue. Diagram not 
to scale.
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Figure 10. (a) TW o-dimensional sm all-an gle  X -ray scattering pattern o f  
rat tail skin on a 2 m cam era length o n  b eam lin e ID 0 2  at th e European  
Synchrotron Radiation Facility (E S R F ) in G renob le, France.
advantages o f  SA X S is a possibility to  study tissues at dif­
ferent states o f  hydration. M odifications in the collagen  
structure upon drying have been  investigated using this 
technique, where X-ray diffraction patterns have been  
recorded w hile rat tail tendon was heated up to 200°C [56]. 
W ess and Orgel also used X-ray diffraction to observe the 
effects o f  drying and dehydrotherm al treatm ent on collagen  
in rat tail tendon and historical parchm ent [50]. T hose stud­
ies aim ed to sim ulate the accelerated aging o f  historic 
parchm ent manuscripts and describe structural changes that 
occur during treatm ent. T he advantage to conducting  
dynamic studies has been  used to describe m olecular rear­
rangem ents in RTT collagen structure during stretching [55, 
57-59]. T hose studies required very short exposure tim es to  
record tim e-dependent structural changes; hence, conven­
tional X-ray generators w ere replaced by a synchrotron 
radiation, a very bright X-ray source that will be described  
later. Studying m olecular alterations in RTT collagen struc­
ture proved useful for understanding viscoelastic behavior 
and elastic properties o f  the connective tissues like skin or 
b lood  vessels.
5.2.2. Tendon
Rat tail tendon (R T T ) consists  o f  > 9 5 %  type I collagen  
[54]; hence, it is a useful m od el tissue to  investigate generic  
m olecular properties o f  co llagen  structure. Type I is the 
most abundant collagen  type [55]. It has a highly hierarchi­
cal structure that is respon sib le for th e  v iscoelastic  proper­
ties o f connective tissues. F igure 11 show s the hierarchical 
levels o f  organization in tend on . C ollagen  fibrils are alm ost 
parallel to the tendon axis and are g rou p ed  in to  primary 
bundles (fibers), secondary b u n d les (fa sc ic le s), and, in som e  
cases, tertiary bundles.
The sm all-angle X-ray scattering pattern o f  ten d on  exhib­
its a series o f  sharp m eridional p eak s that corresp onds to a 
fundamental periodicity o f  67  nm  in th e hydrated state and  
64 nm in the dry state (F igure 11) [45, 46]. O n e o f  the great
5.2.3. Cornea
T he cornea, the outer part o f  the eye, consists o f  layers con­
taining parallel collagen fibrils whereby the orientation o f  
these collagen fibrils is d ifferent for different layers. Struc­
turally ordered fibrils with uniform  diam eter and fixed 
interm olecular distance produce scattering patterns similar 
to  the patterns from other collagenous tissues. Sm all-angle 
X-ray scattering on corneas has shown that the organization 
o f  collagen fibrils is highly specific to  the order o f  position  
within the cornea and even exhibits mirror symmetry 
betw een eye pairs. Sm all-angle X-ray scattering is used to 
gain insight into the collagenous structure o f  the tissue, and 
has becam e one o f  the major techniques used in corneal 
studies. U nderstanding param eters such as the size and 
arrangem ent o f collagen fibrils is important for optim izing  
corneal and refractive surgery and cornea graft surgery
l r o p . K » i b ^ n
Figure 11. (a) Levels o f  organization in ten d on , and (b) two-dim ensional SA XS pattern o f  rat tail tendon; vertical reflections correspond to theti l fl ti(b)
axial periodicity o f  type I co llagen . Im age (b ) taken  at Daresbury Laboratory (Daresbury, U nited K ingdom ) on  station 2.1 using a 5.5 m sam ple to
detector distance.
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Figure 12. Sm all-angle X-ray scattering pattern o f  stretched  cornea  
taken on a 10 m cam era length on  beam lin e ID 02  at the European  
Synchrotron R adiation Facility (E S R F ) in G ren ob le, France.
[60, 61]. A  sm all-angle X -ray scattering pattern o f  a cornea  
is shown in Figure 12.
Sm all-angle X-ray scattering has also  be u sed  to  describe  
the changes in collagen structure that occur during co m ea l 
developm ent [62], aging [63, 64], and c o m ea l w ound  heal­
ing [65]. A  review on the use o f  scattering techniq ues to  
determ ine com ea l ultrastructure is given by M eek  and 
Quantock [66].
5.2.4. Breast Tissue
Breast cancer is the leading cause o f  cancer death  am ong  
women aged 2 0 -5 9  years in d ev e lo p ed  countries [67]. Early- 
diagnosed cancer is the m ost treatable; h en ce , screen ing  
and diagnostic tests can considerab ly  red uce its mortality  
(www.breastcancer.org). T h e  progression  o f  breast carcino­
mas was observed to cause a lteration s o f  th e interstitial 
extracellular matrix (E C M ). C ollagen , w hich is the m ain  
com ponent o f E C M , is b elieved  to b e  prim arily involved in 
the changes observed during tum or invasion [68]. A  putative  
new form o f  collagen  packing has b een  fou n d  in hum an  
breast tissues (on co-feta l lam inin-b ind ing co llagen , or O F / 
LB) and was initially su ggested  to b e  a poten tia l marker o f  
malignancy [68]. Further stu d ies sh ow ed  that fibrillar colla­
gen is newly form ed in tum or tissues, but the process is 
deeply deregulated and gen era tes  d isorganized  structure 
markedly different from  that o f  th e co llagen  found in 
healthy tissues [69]. Previous stud ies p o in ted  to  a role o f  col- 
lagenases from the matrix m eta llop ro te in ases (M M P s) fam ­
ily in tumor growth and m etastasis [70]. C ollagenases  
catalyze the degradation o f  native fibrillar co llagen  into ther­
mally unstable triple-helical fragm ents, w hich denature into 
gelatin, and in healthy tissues they play an im portant part in 
the tissue-rem odeling p rocesses such as em bryonic develop­
ment, ovulation, and w ound h ea lin g  [71, 72]. It has been  sug­
gested that in tum or-invaded tissues, the co llagenase’s 
activity can cause a lterations in co llagen  structure [72, 73]
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and can be m onitored using SAXS. Scattering patterns from  
the breast tissues recorded using synchrotron radiation 
show ed a clear difference betw een normal and malignant 
sam ples. Changes in the fundam ental axial periodicity were 
observed to be slightly higher in the invaded region, which 
was suggested to be due to the change in the crimping angle. 
D istinctive differences were also reported in the lateral 
packing, as the collagen found in areas invaded by cancer 
was poorly ordered. M oreover, the background scattering 
was stronger from the tum or’s regions [74], Results obtained  
from  X-ray scattering were com pared with histological 
exam ination and show ed a clear correlation [75]. This 
pointed to a suggestion that SA X S can be used as a diagnos­
tic test to  locate regions invaded by cancer. A lthough m ost 
o f the studies were conducted using synchrotron radiation, 
the initial experim ents with conventional X-ray sources have 
also shown distinct differences betw een normal and malig­
nant tissue sam ples [76]. This approach w ould prove to be 
m ore useful as a potential diagnostic test in hospitals and 
clinics. A  sm all-angle X-ray scattering pattern is shown in 
Figure 13.
5.3. Lipids
Lipids are hydrocarbon-containing organic com pounds that 
form  the cell m em branes, build com partm ents and barriers 
within the cells, and support the proteins in the walls o f  the 
cell.
C ell m em brane fusion is a com m on way for m olecules to 
enter or exit cells w here the main structural com ponent for 
the cellular m em brane is a double layer o f  lipid m olecules 
[77]. U nderstanding cellular m em branes may help research­
ers understand recognition o f  “self ,” the basis for signal 
transduction, and the prevention o f infection such as when  
the body is threatened by viruses (e.g ., H IV  from entering  
and infecting the cells). It may also lead to the design 
o f drug delivery system s or gen e  therapy [77]. Sm all-angle 
X-ray scattering has been  used to identify the impact that
scattering
Figure 13. Small-angle scattering image from breast tissue. Rings cor­
respond to a third and fifth diffraction order o f  collagen. Image was 
taken at Daresbury Synchrotron Facility (Daresbury, United Kingdom) 
with a 6.5 m camera length. Figure provided by S. Pearson.
o t i n d r i c a l
reflection
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drugs have on  the structure and behavior o f  cells, which is 
critical in determ ining the im pact o f  drug loading, stability, 
and release [78]. It has a lso  b een  u sed  to understand the 
stresses found w ithin b io logical m em branes and to study 
the presence o f  lip ids in m aterials such  as historical parch­
ment [48]. A  sm all-angle scatterin g pattern o f  historical 
parchment with lipid rings p resen t is show n in Figure 14.
5.4. Fibrillin
SAXS is the optim al nanostructural techn iq ue to  analyze  
bulk intact tissue sam ples in the fully hydrated state. A long  
with the use o f  the highly in ten se  synchrotron X -ray radia­
tion, it is possible to  study b io logical sam ples such as fibril­
lin that exhibit weakly diffracting long-ran ge periodicities.
Fibrillin is a main com p on en t o f  fibrillin-rich microfibrils, 
essential structural com p on en ts  o f  th e extracellu lar matrix 
(ECM ) that impart elasticity  on  all dynam ic connective tis­
sues such as skin, m u scle , ligam en ts, and zonular fibers. 
Microfibrils have a com plex ultrastructure resem bling beads  
on a string, with an average periodicity  o f  56  nm and a 
diameter o f  ~ 1 0 -1 4  nm  m easured  by e lectron  m icroscopy  
(EM ). T he X-ray diffraction pattern o f  native hydrated  
fibrillin-rich m icrofibrils exhibits a series o f  m eridional 
Bragg peaks accom panied by a background d iffuse scatter, 
which may suggest a high static  d isorder [79]. M eridional 
peaks correspond to a 56  nm  axial spacing previously m eas­
ured by EM .
A  wide range o f  axial p eriod icities has b een  observed by 
STEM (300%  variation), w hich m ay ind icate that m icrofi­
brils are highly elastom eric [80]. T h e unusual e lastic  behav­
ior o f  individual m icrofibrils is pred icted  to reside within  
the reversible m olecular rearrangem ents and extension  o f  
the bead-interbead repeat. A  m od el for th e  a lignm ent o f
fibrillin m olecules within microfibrils suggested by Baldock  
et al. [81] show ed a possible folding o f  the m olecules to  
form a beaded microfibril. T he proposed m odel would  
produce ~ 1 6 0  nm microfibrils in the unfolded state, an 
interm ediate state o f  ~ 9 0  nm, and stable 56 nm  periodicity- 
beaded microfibrils [81]. T he SA X S technique has been  
used to m onitor the reversible elastic response hitherto  
unrecordable by E M , and the alterations in the axial perio­
dicity in the extended and relaxed states have been  
described. H ere, the scattering pattern o f  the native micro- 
fibrils show ed a series o f  m eridional peaks that corre­
sponded to characteristic 56 nm  periodicity. A  controlled  
tissue extension to 150% o f  the rest length resulted in a 
markedly different diffraction im age. T he results showed  
that elongation to 100% and 150% produced an increase in 
fundam ental axial periodicity to 80 nm and 100 nm, respec­
tively [79, 82, 83]. This was also accom panied by a change  
in the axial intensity distribution o f  the sm all-angle scatter­
ing position, which suggests a disruption o f  the characteris­
tic supram olecular array seen in the resting state. A s the 
beads on  a string are extended and unravel, the axial con­
trast density decreases. T he increase in the fundamental 
axial periodicity corresponds to microfibrillar metastable 
states and may reflect m olecular unfolding.
T he use o f  SAXS to study the effects o f  tissue extension  
has provided a further insight into the elastic behavior o f  
fibrillin-rich microfibrils. D iffraction patterns o f  native 
hydrated microfibrils verified the fundam ental axial perio­
dicity previously m easured by E M . Im ages recorded during 
controlled tissue extension show ed interm ediate states o f 
an unfolding process that w ere predicted by an alignment 
m odel [81]. A  sm all-angle X-ray scattering pattern o f  fibril­
lin is shown in Figure 15.
Figure 14. TWo-dimensional SA X S pattern o f  lipid in historical parch­
ment. Image was taken at E u rop ean Synchrotron R adiation Facility 
(ESR F), G renoble, France.
Figure 15. A  scattering pattern o f  fibrillin in an intact native state (left 
panel) and after 150% tissue extension (right panel). Equatorial reflec­
tions are m oved to higher angles upon stretching which corresponds to  
a decrease o f fibrils radii, while an increased axial periodicity causes 
meridional reflections to  m ove to low angles near the beamstop. 
Images were taken at European Synchrotron Radiation Facility 
(E S R F ), G renoble, France, using a 5 m  cam era length.
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5.5. C ellu lose
C ellulose is the m ost abundant naturally occurring organic 
substance and is the m ajor structural com pon en t found in 
plant cell walls, co tton , lin en , v iscose , paper, celery, and 
wood. C ellu lose is organ ized  in crystalline dom ains called  
microftbrils [84], w here th e d iam eter  o f  the m icrofibrils 
varies betw een 2 nm  and 25 nm . A  sm all-angle X-ray scat­
tering pattern o f  celery  ce llu lo se  is show n in Figure 16.
SAXS has been  u sed  to p rovide detail on  the shape and 
dim ensions o f  the cellu lo se  m icrofibrils. SA X S im ages o f  
cellulose consist o f  a strong equatoria l intensity profile 
where the angularly distributed  w idth o f  the streak with 
respect to the fiber axis corresp on d s to  a m isalignm ent o f  
the microfibrils [85]. T h is m isa lign m ent is called  th e micro- 
fibril angle n and is in part resp on sib le  for the m echanical 
properties o f  cellu lose. C e llu lo se  is arranged in a spiral 
arrangement which provides th e  prop erties  o f  stiffness and 
extensibility.
U nderstanding the properties  o f  ce llu lo se  m icrofibrils is 
essential work in th e agricultural field . U n til recently, the 
size o f  the cellu losic m icrofibril d iam eter has b een  relatively  
obscure; however, recent stu d ies on  celery  collenchym a  
have revealed a m ore regular fibril d iam eter and have 
opened a new avenue for th e study o f  fibrillar interactions.
5.6. Bone and Mineral
Bone tissue is a m ineralized  form  o f  con n ective  tissue that 
plays an important supportive ro le  in th e vertebrate body. 
B ones consist o f  a m ineral p h ase  d ep o sited  in collagen  
fibrils, an arrangem ent that provides th e m echanical prop­
erties o f the tissue. B on e tissues g en era te  d iffuse scattering  
at low angles that contain  inform ation  abou t their structure 
and can be used to interpret th e surface region and provide  
information about the orientation  o f  m ineral crystals pres­
ent in bone sam ples. A s th ere is a sharp interface betw een  
the mineral and organic ph ases in th e b o n e, the inferface  
can be analyzed as a SA X S Porod p lot to  estim ate th e area
Figure 16. Sm all-angle X-ray scattering pattern for dry (left panel) 
and wet (right panel) celery ce llu lo se  taken  at the E uropean Synchro­
tron Radiation Facility (E S R F ), G ren ob le , France, on  a beam line ID02  
using a 1 m camera length.
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o f mineral crystals. W ith other parameters also calculated 
from the scattering curve, it is then possible to  obtain infor­
mation about the shape o f  the crystals and the mean thick­
ness, a parameter difficult to obtain by other m ethods.
To understand the calcification process, SA X S has been  
used to investigate those param eters for sam ples dissected  
from differently aged anim als, and it has shown the pattern 
o f  crystal nucleation and growth [86, 87].
Application o f the m icrobeam  sm all-angle scattering 
technique, which allows study o f  the nanostructure o f the 
materials with a few m icrom eters’ scanning resolution, has 
enabled scientists to investigate the m ineralization front 
with high precision. Studies had shown an alteration in m in­
eral crystals’ shape and arrangem ent in the first stage o f  the 
biom ineralization process [88]. A  com parative study has 
also been  perform ed on the m olecular arrangem ent o f col­
lagen fibrils betw een m ineralized and unm ineralized turkey 
leg tendon. It showed the irregularity in the collagen lateral 
packing, which authors described as a 2D  fluid structure 
[89]. T he study gave a detailed insight into the process o f  
crystal deposition inside collagen fibrils. SA X S has also  
been used to describe mineral crystals form ed in different 
types o f calcified tissues. It has been  reported that the tur­
key leg tendon contains mainly plate-shape crystals and its 
mineral microstructure differs from  that o f  bone, where 
needle-shaped crystals were found [90].
Many studies have been  carried out using SAXS to corre­
late micro- and nanostructural properties within bone and 
to  investigate diseases such as osteogen esis imperfecta  
(O I). OI is a genetic bone disorder caused by a mutation o f  
type I collagen and characterized by fragility o f  bone [91]. 
SA X S studies show ed clear d ifferences betw een the mineral 
crystals in healthy and OI bones [87] that can be used as a 
diagnostic tool o f  the disease. Figure 17a shows a small- 
angle X-ray scattering pattern o f  bone.
5.6.1. Dentin
Fiber and mineral architecture has also been  studied in 
dentin, a porous m ineralized tissue that surrounds the pulp 
cavity o f  a tooth. T he SA X S studies provided information  
on tissue microstructure and show ed variation in the m iner­
alized collagen fiber’s architecture depending on its posi­
tion in the tooth [92, 93], and the differences between  
healthy and altered dentin (for exam ple, in dentinogenesis  
im prefecta [94] or in age-related transparent dentin [95]). 
T he structure o f  dentin is directly related to its mechanical 
properties and hence the strength o f  the tooth. A ge or dis­
eases can cause alterations in the collagen network and 
affect dentin properties; hence, it is important to fully 
understand its m olecular structure and organization.
5.6.2. Eggshell
The avian eggshell is a highly ordered bioceram ic com pos­
ite, with both organic and inorganic com posites [15]. The  
com plete process o f  shell form ation takes approximately 
24 hours and is on e  o f  the fastest calcification processes 
known in biology [96]. SA X S has been  used to investigate 
structures on  the nanom eter scale such as size, shape, 
arrangem ent, and internal porosity. In addition to SAXS,
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Figure 17. Sm all-angle scattering pattern o f  co w ’s b one ( le ft p an el) and an eggshell (right panel). Bone image was taken using a N anoSTA R X-ray 
source, and the eggshell im age was taken at E u ropean  Synchrotron R adiation Facility (E S R F ), G renoble, France, using a m icrofocus beam line with 
a sam ple-to-detector distance o f  20  cm . F igures courtesy o f  J. H iller, D iam ond Synchrotron Light Source; and D. Lam m ie, Cardiff University, 
Wales.
microfocus sm all-angle X -ray scatterin g (pSAXS) has b een  
utilized to resolve different aspects o f  th e shell grow th proc­
ess and to investigate structural ch an ges at different layers 
within the eggshell. It show ed nan ofeatures w hich have not 
been identified by previous e lectron  m icroscopy and w ide- 
angle diffraction studies and a variation w ith in the n an o­
structure o f  different shell layers [15].
The nanostructure and nan otexture o f  th e eggsh ell are 
closely related to its function as a m echanical protection  
and a source o f  calcium  for the d evelop in g  em bryos. This  
structure-function relationship is a subject o f  stu d ies a im ed  
at improving the quality o f  eggsh ells, an im portant factor in 
the poultry industry. Figure 17b show s a sm all-an gle X -ray  
scattering pattern o f  an avian eggsh ell.
5.6.3. Archaeological Sam ples
The nondestructive nature o f  th e  SA X S  tech n iq u e b ecom es  
an advantage in analyzing rare and irrep laceab le sam ples  
such as archaeological bon es. T h e  structure o f  m ineral and  
collagen com ponents can provide in form ation  on  specific  
processes that affect b on es after death , such  as crem ation , 
cooking, or geological and b iological d egen eration  (d iagen ­
esis reviewed by H edges [97]). T h e  analysis o f  SA X S pat­
terns from archaeological b on es sh ow ed  alteration s o f  the 
crystallites as an effect o f  various d iagen etic  changes [98]. 
To gain a further insight into specific  ch an ges o f  b on e  m in­
eral, the studies have been  con d u cted  to  sim ulate d iagen e­
sis processes (for exam ple, experim ental heatin g as a 
simulation o f  crem ation [16]).
5.7. Chromatin
Chromatin is a com plex o f  D N A  and  proteins w here  
genetic inform ation is stored and expressed . It is found in 
eukaryotic cells nuclei and characterized  by a hierarchically  
organized structure. T he basic structural unit o f  chrom atin  
is the nucleosom e, which is com p osed  o f  D N A  w rapped in 
a left-handed superhelix. This is o ften  referred to as beads 
on a string, with an 11 nm  nu cleo filam en t [99]. T h e  nu cleo- 
som es are arranged into a com pact array form ing a 30 nm  
chromatin fiber by the p resence o f  th e h iston es and other  
proteins. The next structural level is the densely  packed
D N A , which allows the attainm ent o f  the m etaphase  
chrom osom e.
Chrom atin structure is an im portant factor in D N A  
repair and replication [100]. It has been  studied using elec­
tron m icroscopy; however, dehydration o f the fibers and 
the fixation process, a part o f  the sam ple preparation, were 
found to be responsible for inducing alterations into chro­
m atin fibers. The SA X S technique has also been  applied as 
it does not require any chem ical preparation and can give 
detailed  inform ation about the chrom atin nanofeatures 
[101-103]. T he experim ents w ere conducted on the isolated  
chrom atin fibers, and very often  nonspecific  reflections 
w ere recorded on  the diffraction pattern. It was suggested  
that the isolation process o f  chrom atin from the living cell 
may induce disorder into the structure; hence, the studies 
have been  conducted in vivo, w here the intact structure can 
b e m onitored [104, 105]. D iffraction patterns from the liv­
ing cell can be difficult to interpret as they contain reflec­
tions produced by other structures than the one that is 
being studied. H owever, the experim ents gave a great 
insight into the structure o f  chrom atin fiber in vivo and 
show ed a variation in its packing in different cells and 
nuclei [104, 105]. SA X S has also been  used to study the 
changes that occur in chrom atin structure during the cell 
cycle [104, 105]. Figure 18 shows two sm all-angle X-ray 
scattering patterns from chromatin.
T he structural order o f chrom atin has been  o f  great sci­
entific  interest, and it is believed that the understanding o f  
chrom atin m ay lead to a num ber o f  therapeutic applications 
against main diseases, for exam ple cancer and HIV.
5.8. M uscles
M uscle is a specialized, contractile tissue o f  the vertebrate 
body. It is built by m uscle cells that contain myofibrils, 
cylindrical organelles com posed o f  m yosin, and actin pro­
teins. M yosin m olecules found in m yofibrils consist o f  the 
tail and head dom ain that binds to  a filam entous actin. 
Both com pounds enable cell m ovem ents and are responsi­
b le for a m uscle contraction. U nderstanding o f  the transfor­
m ation o f  chem ical to  m echanical energy during m uscle  
contraction has been an important goal o f  many research 
studies. It is known now  that the process involves a cyclical
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Figure 18. Small-angle patterns o f  chrom atin  taken from  living cells, (a ) Living rabbit erythrocytes, and (b) living w hole sea urchin sperm Echinus 
esculenius in sem en. R eproduced with perm ission  from  [104], J. P. Langm ore and J. R. Paulson, /  Cell Biol. 9 6 ,1 1 2 0 -1 1 3 1  (1983). ©  1983, Rockef­
eller University Press.
m ovem ent o f  myosin heads called  th e cross-bridge cycle  
[106]. Since m uscles can produce characteristic sm all-angle  
scattering, the technique has b een  used  to  describe struc­
tural changes that occur during contraction . T h e scattering  
pattern obtained from the m uscle contain s sharp peaks and 
a large am ount o f  diffuse background scattering, which are 
generated by characteristic m yosin  layers and an arrange­
ment o f  myosin heads [107, 108]. C hanges in both Bragg  
and diffuse scattering have b een  investigated  to  describe  
the contractile cycle, usually using a tim e-resolved  approach  
with a m illisecond tim e scale [107, 109, 110]. Frog sartorius 
muscle and insect flight m uscle have o ften  b een  used  as 
material in many studies [111-113]; how ever, interpretation  
of experimental data was difficult due to  a statistical disor­
der present in the tissue. A  use o f  a lternative tissues has 
been proposed, such as bony fish  m u scle  w ith m ore crystal­
line structure o f m yosin filam ents [114]. Sm all-angle scat­
tering has also been  used  to study th e d isorder introduced  
by temperature in the arrangem ent o f  the m yosin  filam ents. 
Studies showed that at low er tem p eratu res (b elow  10°C), 
sharp lines on the scattering pattern that are d u e  to a m yo­
sin layer becom e very weak, w hich is accom panied  by an 
increase in diffuse scattering [115, 116]. T his leads to a sug­
gestion that the helical arrangem ent o f  th e  m yosin heads 
can be very sensitive to tem perature.
Recent studies on  m uscle contraction  use an advantage  
of high-resolution system s, w hich en ab les scientists to view  
the m ovem ents o f  the m yosin heads with subnanom eter- 
level resolution [117, 118]. A  th ird-generation  synchrotron  
radiation facility has also b een  u sed  to condu ct tim e- 
resolved studies using 0.53 m sec  tim e resolution  and to 
study the effects o f  a single electrical im pulse on  the skele­
tal muscles [119, 120]. F igure 19 show s a sm all-angle X-ray 
scattering pattern for m uscle.
6. COMPLEMENTARY TECHNIQUES TO 
SAXS
Standard SAXS has been  exem p lified  by the previous stud­
ies described in detail; the fo llow ing exam ples describe the
use o f  techniques allied to SAXS that probe aspects beyond  
the conventional scattering volum e.
6.1. Grazing Incidence Small-Angle X-Ray 
Scattering (GISAXS)
Traditionally, SAXS is used for m easuring bulk materials 
and is unable to m easure the surface or near surface o f  thin 
films. Grazing incidence sm all-angle X-ray scattering  
(G ISA X S) com bines two techniques: grazing incidence dif­
fraction (G ID ), which uses reflection geom etry to obtain 
surface and near-surface X-ray scattering; and SAXS, which 
m easures structures on a nanom eter scale. G ISA X S is a 
versatile tool for characterizing nanoscale density correla­
tions and is principally used to characterize nanoscopic  
particles, pores, or thin films [121]. G ISA X S is able to 
provide detailed inform ation on particle geom etry, size
SI t j j b I  ' ' . . . . .
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Figure 19. Sm all-angle diffraction pattern from fish m uscle recorded  
at European Synchrotron Radiation Facility (E SR F), Grenoble, 
France, using a beam line ID02. The reflection indicated with the arrow 
corresponds to 1/143 A -l. Courtesy o f  Professor John Squire.
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distributions, and spatia l corre la tion s. A dvan tages to  
G ISA X S are that lik e  S A X S  it is a n on destructive tech­
nique w hich requires little  or n o  sa m p le  preparation , in situ  
and real-tim e stu d ies can b e  carried  ou t, and th e  technique  
is statistically robust.
6.2. Small-Angle Neutron Scattering
Sm all-angle neutron scatterin g  (S A N S ) is a com plem entary  
technique to S A X S w hich  u ses n eu tro n  scatterin g  instead  o f  
X-ray scattering. Scattering o f  n eu tro n s is ca u sed  by d iffer­
ences in the scatterin g p ow er  o f  d ifferen t nu cle i and has 
been used to study m any m ateria ls, su b stan ces, and b io lo g i­
cal system s. S A N S  en a b les  th e  ob servation  o f  th e internal 
structure o f  m icroparticles and  a llow s th e  investigation  o f  
the size, shape, and d istr ibu tion  o f  sca tterin g  in h o m o g en e­
ities found in the m icrostructure. U n lik e  X -rays, neutron s  
interact weakly w ith m atter, resu ltin g  in a relatively sm all 
am ount o f  the highly p en etra tin g  n eu tron s b e in g  absorbed  
by the matter. T he m ajor ad van tage  o f  S A X S  is twofold: 
first, the radiation d am age to  a sa m p le  is red uced ; and , sec ­
ond, the negative scatterin g cross sec tio n  o f  hyd rogen  can  
be counterbalanced by deu ter iu m . In th e  la tter  case , the 
selective deuteration o f  m a cro m o lecu les  can  b e  u sed  to  
contrast m atch sp ecific  m o lecu lar  co m p o n en ts . T h is has 
enabled specific  m olecu lar in teraction s b e tw een  m acrom o­
lecules to be inferred.
T here are tw o app roaches to  harn essin g  n eu tron  radia­
tion. T he first neutron  radiation  so u rce  is availab le at n eu ­
tron-scattering facilities around  th e w orld; o n e  such facility  
is the Institut L aue-L angevin  (IL L ) in G ren o b le , France. 
T he second approach is th e u se  o f  sp a lla tion  n eu tron  sour­
ces, which use synchrotrons to  p ro d u ce  h igh -en ergy  proton  
beam s that can then b e  d irected  tow ard  a heavy m eta l tar­
get. T he bom bardm ent o f  heavy n u cle i w ith  high ly  en ergetic  
protons causes the n eu tron s to  b e  fo rced  from  th e nu clei, 
resulting in an in ten se n eutron  p u lse . T h e  IS IS  facility  in 
Oxford, U nited  K ingdom , is an exam p le  o f  a sp a lla tion  n eu ­
tron source. A  m ore co m p reh en siv e  review  o f  S A N S  is 
given by Pethrick and D aw kins [122].
6.3. Microfocus Small-Angle X-Ray Scattering 
(//SAXS)
M icrofocus sm all-angle X -ray sca tterin g  (//S A X S ) provides 
a powerful tool capable o f  p rob in g  nan ostructu ral textural 
differences in a sam ple at a m icron -sca le  reso lu tion . M icro­
focus provides sm all focal sp o ts  for  th e diffraction  and  
sm all-angle X -ray scattering (S A X S ) o f  s in g le  crystals and  
for the use o f  scanning diffraction  exp erim en ts. A  broad  
range o f  m aterials can b e  in vestigated  w ith  //S A X S  such as 
single crystals and fibers. M icro fo cu s has b een  u sed  to  
investigate a range o f  b io log ica l m ateria ls  inclu d ing bon e  
[123], skin [124], starch [125], an d  eg g sh ell [15]. M icrofocu s  
beam lines can be fou nd  at m an y synchrotron  facilities, 
including the b eam lin e ID 13  at th e  E u ro p ea n  Synchrotron  
Radiation Facility (E S R F ), G ren o b le , France.
6.4. Solution SAXS
M inimal sam ple preparation b ec o m e s  a great advantage 
in solution-scattering exp erim en ts w h ere  processes such
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as the assem bly and (u n)fo ld ing  o f  proteins or conform a­
tional transitions during effectors’ b inding can b e  studied  
[126]. T he technique gives an insight into a quaternary 
and tertiary structure and th e sh ap e o f  the native 
biological m olecu les in their nearly physiological states 
[32]. It can a lso prove the existen ce o f  the interm ediate  
states that m ay occur during unfold ing or oth er confor­
m ational changes o f  the protein. In this approach, data  
are recorded during the (u n)fo ld ing  process. T he next 
step is the determ ination o f  th e particle size, w hich can 
be calculated from th e scattering pattern. T hen  many 
different random  configurations are built w ithin the 
known volum e, and different sim ulated scattering pat­
terns are generated . S im ulated annealing algorithm s are 
then used  to fit the com pu ter-gen erated  pattern with the 
obtained data. This approach was used  to investigate the 
therm ally induced unfolding o f  the protein  neocarzinosta- 
tin [127] and the M g2+-d ep en dent fold ing o f  nucleic  
acids [128]. Solu tion  SA X S also  proved usefu l to deter­
m ine the shape o f  nu cleic  acids [129], to determ ine the 
effects o f  ligand binding by analyzing the ligand-induced  
changes in th e conform ation o f  th e protein  receptors 
[130], and to  describe large conform ational changes in 
viruses [131]. A  review on th e u se  o f  sm all-angle scatter­
ing to analyze the structure o f  b iological m acrom olecules 
is given by Svergun and K och [126].
7. PRODUCTION OF X-RAYS
X-rays are produced w hen  accelerated  electron s collide with  
a m etal target (usually copper or m olybdenum ). A s a result 
o f  the electron s’ deceleration , th e X-rays ph otons are em it­
ted and radiate in all directions. M ost o f  the electron  kinetic  
energy, how ever, is transform ed into heat, and less than 1 % 
is converted into  X-rays. This kind o f  radiation (Bremsstrah- 
lung, G erm an for braking radiation; also  called w hite radia­
tion) is m ade up o f  all possib le w avelengths. Yet the m ost 
desirable source o f  X-rays is th e o n e  that generates a m on o­
chrom atic radiation that can be used  for crystallography.
I f the electron s co llid e  with the target w ith very high  
velocity (h en ce, high energy), their energy enab les them  to  
rem ove the e lectron  from  the inner shell o f  th e target m etal 
atom . A s a result, electron s from  the higher energy levels 
will drop into the vacancy m ad e up by knocked-up e lec ­
trons, and, if  the gap betw een two energy levels is big 
enough , the X -ray ph otons are em itted . G enerated  X-rays 
have a specific  w avelength that d ep en d s on the differences 
b etw een  the energy levels in th e  target atom . For the e le ­
m ents o f  higher atom ic num ber Z, th e X -ray photons’ 
w avelength w ill be shorter, w hich  w ould  correspond to the 
higher energy values. T his kind o f  radiation is called char­
acteristic radiation, as it contains precisely fixed energies.
To obtain radiation that can b e  used  in crystallography, 
every X-ray source m ust therefore contain an electron  
source, high accelerating voltage, and a target m etal. T here 
are tw o main types o f  X-ray sources: gas tubes, which are 
ob so lete , and filam ent tubes, w hich are the m ost widely 
used in laboratories. T h e  m ost recent and yet m ost pow er­
ful X -ray source is synchrotrons, giant rings w here the
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particles are accelerated  c lo se  to th e sp eed  o f  light and 
travel in the circular trajectory.
The filament X -ray sou rce  conta in s tw o electrod es placed  
in the two ends o f  th e tube, th e an od e and the cathode, 
with a high voltage b etw een  them . T h e electron s are pro­
duced by a current-heated  ca th od e  (tungsten  filam ent), and 
then are accelerated  by th e high voltage m aintained  
between two electrod es in th e tube. A ccelerated  electrons  
hit the target m etal atom s (a n o d e ), and in the process o f  
knocking out the e lectron  from  th e  inner shell and replac­
ing it with on e  from  the h igher energy level, th e X-rays o f  
characteristic w avelength are em itted . T h e  em itted  e lec­
trons are focused  inside a tube by a focal spot, and there­
fore they hit a narrow region  o f  th e  target. G enerated  
radiation is em itted  in all d irections and em erges from the  
tube through vacuum -tight and X -ray-transparent w indows, 
usually m ade o f  beryllium .
As 99% o f  the electron  k in etic energy is converted into  
heat, the anode m ust b e  constantly  w ater coo led . T h e heat 
dissipation is on e  o f  th e great lim itation s in obtaining high- 
intensity radiation. T his prob lem  can b e  solved  by using  
rotating anodes, w here th e fresh target m etal is continuously  
being brought into the foca l-sp ot region  so  the heat is spread  
onto the larger area. B etter  heat d issipation  leads to an 
increased intensity o f  the X -ray radiation, and such tubes 
are at least ten tim es m ore pow erful than tubes with fixed  
anodes.
Because the intensity o f  th e  X -ray beam  corresponds  
to the exposure tim e that is n eed ed  to d etect all diffracted  
X-ray beam s, the rotatin g-anod e tubes allow  its reduction. 
These types o f  detectors are com m on ly  u sed  in radiography. 
The focal spot, a sm all m etal cup that concen trates the  
electrons on a very sm all area o f  the target m etal, deter­
mines the X-ray im age reso lu tion  and h en ce  its quality. T he  
small size o f  the focal spot is a key e lem en t in m icrofocus  
tubes, which are used to  produ ce an extrem ely fine X-ray  
beam and are used for specia l s tu d ies (e .g ., o f  very small 
crystals).
7.1. Synchrotron Radiation
There are many ways to utilize and  produ ce X-rays, for 
example using synchrotron radiation. A  synchrotron is a
17
specific type o f  cyclic particle accelerator in which a m ag­
netic and an electric field are used to circulate and acceler­
ate particles. Synchrotron facilities have the ability to emit 
electrom agnetic radiation at w avelengths from  X-rays to 
the far infrared. Synchrotrons consist o f (1 ) an electron  
source (electron gun), (2 ) a linear accelerator which accel­
erates electrons close to the speed  o f  light (L IN A C ), (3) a 
booster ring where electrons’ intensities are enhanced, and 
(4 ) an outer storage ring (show n in Figure 20).
T he electrons travel in ultrahigh vacuum. They are em it­
ted from the cathode heated to  ~ 1 1 0 0 °C  and then acceler­
ated by the radio frequency electric fields. From the 
LIN A C , the electrons are transferred to the booster ring 
that consists o f  bending and focusing m agnets. From the 
booster ring, they travel to the outer storage ring, where 
they are forced to travel in the nearly circular trajectory. In 
the straight sections o f  the ring, there are two types o f  
insertion devices, wigglers and undulators, which are used  
to increase the beam  intensity. T hey consist o f  a com plex  
array o f m agnets with alternating polarity. W hen a bunch 
o f  electrons passes through one o f  the devices, the electrons 
start to wiggle. Their undulating m ovem ent causes the 
interference effect, and as a result a beam  o f  much higher 
intensity is created. T h e difference betw een the two inser­
tion devices is the deviation angle, which is smaller in 
undulators.
T he beam  o f light is produced when the electrons are 
deflected through the m agnetic field  generated by the 
bending m agnets in the storage ring. W hen electrons travel 
at relativistic velocities (near the speed  o f  light), photons 
are em itted in a narrow con e  in a forward direction. Em it­
ted beam s can then be focused so  the beam is kept small 
and well defined and is used for the appropriate technique 
in the beam lines (e.g ., a SA X S beam line), straight tubes 
that depart from the storage ring and lead to  the stations. 
Synchrotron radiation consists o f  a wide energy spectrum, 
and it is possible to obtain radiation o f  any selected  wave­
lengths for a specific purpose. X-rays generated using syn­
chrotron radiation sources are hundreds o f  thousands o f 
tim es m ore intense than conventional X-ray tubes, so  the 
exposure tim es are reduced to several m inutes or even
Figure 20. (a) A  schem atic plan o f  a synchrotron: (1 )  electron source, (2) booster ring, (3) storage ring, (4) experim ental station, and (5, 6, 7, 8) 
optics and experim ental hutches and control cabin, which together make a beam line. (b) D iam ond Synchrotron Light Source, Oxfordshire, United  
Kingdom. ©  Diam ond Light Source Ltd.
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seconds. A part from  th e  extrem e inten sity  and brightness, 
synchrotron radiation  is a lso  h igh ly co llim ated  and  
polarized.
A t present, th ere are over 50  synchrotron  facilities  w orld­
wide. T he first synchrotrons w ere  bu ilt back in th e  1930s to 
investigate th e  particles that co m p rise  a tom s by accelerating  
particles to  extrem ely  high sp e ed s. T h e se  acce lerated  par­
ticles caused a tom s to  break up in to  th eir  con stitu en t parts 
when they co llid ed , h en ce  a llow in g  p h ysicists to  investigate  
the atom . T h ese  first synchrotrons w ere  know n as first-gen­
eration synchrotrons, and a lth ou gh  in itially  radiation was  
just an unwanted by-product, it so o n  b e ca m e  a usefu l prop­
erty to utilize. Synchrotrons have d ev e lo p e d  vastly  over the  
last few decades w ith th e  in trod u ction  o f  synchrotrons built 
for the principle app lication  o f  p ro d u cin g  a so u rce  o f  radia­
tion. Second-gen eration  synchrotron fac ilit ies  are u sed  to  
solely to produce radiation o f  relatively  low  flux. T hey  w ere  
usually built as a circular ring w ith  p orts loca ted  at poin ts  
around the ring. A n  exam p le  o f  a seco n d -g en era tio n  syn­
chrotron is the Synchrotron R a d ia tion  Sou rce  (S R S ) in 
Daresbury, U n ited  K ingdom . O ver  th e  last few  years, syn­
chrotron radiation has reach ed  a n ew  leve l w ith  th e intro­
duction o f  the th ird -generation  syn ch rotron  sou rces that 
create radiation w ith  a h igh er flux th an  secon d -gen era tion  
synchrotrons. A  th ird -generation  synchrotron  u ses  an undu- 
lator and w igglers to  p rod u ces rad iation  o f  a h igh  flux. 
T hese synchrotrons d iffer from  p rev iou s o n e s  as they use  
m agnets located around th e ring, cau sin g  th e  accelerated  
electrons to oscillate and h en c e  crea tin g  a h igh er intensity  
beam. An exam ple o f  a th ird -gen eration  synchrotron is the 
D iam ond Synchrotron S ou rce in th e  U n ited  K in gdom , the  
A dvanced Photon Sou rce (A P S ) in th e  U n ite d  S tates, and  
E SR F  in France.
Synchrotron radiation has b e c o m e  an  in d isp en sab le  tool 
in a w ide range o f  d ifferen t research  fie ld s, ev en  th ough  a 
major disadvantage is th e n ecess ity  to  travel to  th e  giant 
storage rings.
7.2. Laboratory-Based X-Ray Facilities
A lthough synchrotrons are ex ce llen t so u rces  for  the  
production o f  high-intensity, bright, co llim a ted , polarized  
X-rays, the use o f  laboratory X -ray fac ilit ies  is a lso  feasib le. 
A n exam ple o f  a laboratory-based  X -ray  scatterin g  system  
is the N anoST A R  facility, w hich  is ava ilab le  com m ercia lly  
from Bruker A S X  (K arlsruhe, G erm an y). T h is facility  is 
capable o f  both SA X S and X -ray d iffraction  (X R D ) m eas­
urem ents and can b e  u sed  to  in vestiga te  a w ea lth  o f  d iffer­
ent materials.
The high dem and in synchrotron  tim e and length y app li­
cation tim e for b eam tim e at synchrotrons m ean s that the 
N anoSTA R  system  is a v iable a ltern ative, a lth ough  it pro­
duces less in tense im ages, w hich  resu lts in m u ch  lon ger col­
lection times.
8. DETECTION OF X-RAYS
G enerated and then d iffracted X -ray b eam s m u st be even ­
tually m easured to obtain  th e  characteristic  reflection  pat­
tern. O btaining good-quality  data  still h igh ly d ep en d s on
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the perform ance o f  the X-ray detector. H igh sensitivity is 
n eed ed  for precise m easurem ents o f  reflection intensities as 
low-quality detectors m ight lim it usefu ln ess o f  even the 
brightest X -ray source. T he m ost im portant param eters are 
absorption efficiency (high absorption coeffic ien t), spatial 
resolution  (large area), bandw idth (w ide frequency range), 
energy resolution, and a high speed .
X-ray detectors use the fact that X-rays can interact with 
m atter and cause ionization that can be d etected  and m eas­
ured. T h e sim plest X -ray detector is photographic film (or 
plate). It is sensitive to X-rays in th e sam e way as it is sen si­
tive to  visible light, and it has b een  used  since th e discovery 
o f  X-rays. This type o f  detector has m any disadvantages: it 
can absorb only  about 1% o f  the radiation, and it needs  
chem ical developm ent. H ow ever, photographic plates are 
still used  in m edicin e, but in crystallography studies they  
have been  alm ost com pletely  rep laced  by im age plates and 
m ore recently by digital detectors.
Im age plate detectors consist o f  plastic sh eets  coated  
with sm all, photostim ulable phosphor crystals (e.g., 
B aF:E u2+). A fter  X-ray p h oton s’ absorption, electrons are 
ejected  from  the crystal and are trapped in the F _ layer 
that contains electron vacancies created  during the m anu­
facturing process. T h e  layer is th en  stim ulated by a visible  
light w hich excites the trapped electrons. W hile electrons  
are dropping back to th e E u  layer, the visible light photons  
are produced and released. A fter  conclusion  o f  the experi­
m ent, the p late is scanned, allow ing the light photons  
produced during the exposure to be recorded and the 
data to be transferred to the com puter that generates the 
corresponding diffraction im age. T h e  intensity o f  the em it­
ted visible light corresponds to the intensity o f  the absorbed  
X-rays. A  m ajor advantage to  im age plate detectors is that 
they are reusable. A fter  the exposure, the p late has to be  
erased  so  all electron  vacancies (o ften  called  the F-centers) 
are d epop ulated . This can b e  accom plished by exposing the 
plate to  the bright visible light. To m in im ize the tim e o f  the  
data collection , it is possib le  to  u se three independent 
plates w here exposure, readout, and erasure take place  
sim ultaneously (e.g ., as fou nd  in synchrotrons).
Proportional counters consist o f  the cham ber filled with gas 
that can react with X-rays. W indows o f  the cham ber are 
designed to  stop  visible light photons penetrating and allow­
ing only X-rays to  enter the detector. Incom ing X-rays inter­
act with gas atom s, which results in the ejection o f  the 
electrons. T he num ber o f  em itted  electrons is proportional to  
the incom ing X-ray energy. A s  a result o f  this photoionization  
process, a cloud o f  electrons is created inside the chamber. 
T he cloud passes through the arrangem ents o f  electrodes 
w here it is being am plified and then reaches the anode. The  
signal is then m easured, and w ith the known electron charge 
the energy o f  the incom ing X-rays can be calculated.
Proportional counters are large-area detectors, which  
m eans that w ith the large surface they can capture m ore  
incom ing X-rays; hence, they d o  n o t require focusing o f  the 
electron  beam .
A n oth er type o f  large-area detector is the m icrochannel 
plate, w hich consists o f  a large num ber o f  independent nar­
row channels (usually about 107 channels with 10 m icrons 
in d iam eter). C hannels are m ad e o f  a reactive material, so  
w hen X-rays strike th e surface, the photoelectric effect
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causes ejection  o f  th e e lectro n . T h e  e jected  electron  is then  
accelerated using an e lectr ic  fie ld , and w hile  passing  
through the ch an n el w alls it in teracts w ith th e  m aterial and 
cause the e lectron  cascad e . R e le a se d  particles travel to the  
end o f  the ch an n el, w h ere  th eir  charge is m easured .
T he m ost recently  d es ig n ed  d etec tors  are silicon-b ased  
charge-coupled dev ices (C C D s) that can d etec t up  to  80%  
o f incom ing ph oton s. C C D s con ta in  arrays o f  p ixels that 
can accum ulate electrical ch arges g en era ted  by th e interac­
tion o f  X-rays w ith th e d e tec to r  surface. E ach  pixel can  
em it visible light in resp o n se  to  an in com in g  X -ray photon. 
G enerated charge is stored  du rin g th e  exp osu re, and in a 
similar way to gas-proportion al cou n ters  it corresp on d s to  
the am ount o f  p h oton s that hit th e  surface (i.e ., th e  in ten ­
sity o f  the X-rays). S ilicon  in C C D  d etec to rs  is d op ed  with  
impurities w hich en a b le  it to  co n d u ct e lectricity . E lectric  
im pulse can then b e  transferred  to  th e e n d  o f  th e chip  
where it is m easured . A ccu m u la ted  charge is stored  during  
the exposure, and after a certa in  co lle c t io n  tim e th e  readout 
takes place. R eadout is carried  on  in paralle l for all stored  
charges, and the m easu rem en ts  are transferred  directly  to  
the com puter m em ory. C C D  d e tec to rs  usually  have a sm all 
area to collect the data (th e  m ost c o m m o n  d etectors cur­
rently used contain 1024 X  1024 or 2048  X  2048 pixels); 
hence, they require focu sin g  m irrors. T h is d isadvan tage o f  a 
long readout tim e is co m p en sa tin g  by very accurate m eas­
urem ents o f  the energy and h igh  p recision . R ecen tly , a fast 
C C D -based area d etector  has b een  d e v e lo p ed  that contain s  
three C C D  chips [132]. T h is u n iq u e  d esign  en a b les  a reduc­
tion o f detector read out to  a m illiseco n d , and th e detector  
has been  used to  con d u ct tim e-reso lv ed  scatterin g  experi­
m ents at m icrosecond to  m illiseco n d  tim e reso lu tion .
An alternative design to  w idely  u sed  C C D  d etectors is 
monolithic pixel sensors. Pixel d etectors con sist o f  thick sili­
con wafers with very sm all area rectangular pad s that are used  
as readout cathodes. U n lik e  in C C D , circuitry in each  pixel in 
pixel detectors is active on ly  during th e readout; pixels are 
also directly addressed for read out. A n  advantage o f  m inim al 
pixel size is that it allow s high spatial resolu tion . O n e  type o f  
pixel detector is the m on o lith ic  active  pixel sen sor  (M A P S ), 
which is a highly specia lized  ap p lication-specific  integrated  
circuit (A SIC ). This device can d etec t a w id e  range o f  radia­
tion and convert it in to  an e lectron ic  signal. D e ta iled  inform a­
tion about m onolithic silicon  d etec tors  is provided  by m any  
different sources [e.g., 133-135]. T h e  hybrid pixel detector is 
another type o f  device o ften  u sed  in h igh -energy physics stud­
ies. A n advantage o f  using th ese  d etectors is not on ly  excel­
lent spatial resolution and a high sign a l-to -n o ise  ratio but also  
a possibility o f  producing large-area d etectors by tiling the 
m odules. Hybrid detectors conta in  thick silicon  pixellated  
sem iconductor and co llection  e lectro d es  w hich are bump- 
bonded to a pixellated read out ch ip  (A S IC ).
R ecently a new  class o f  d e tec to rs  has b een  d evelop ed  
that is based on  a gas tech n o logy . G a s m icrostrip  detectors  
(G M SD s) are a type o f  m ic ro p a ttem ed  d etec tor  w here  
incom ing X-rays gen era te  ion iza tion  o f  th e  gas inside the  
device which is then  am p lified  th rou gh an e lectron  ava­
lanche. T he created  e lectric  charge is th en  captu red on  the 
m icroscopic m etal stripes and  further processed . T he  
G M SD  detectors provide h igh  spatia l and tim e resolution , 
and have b een  d evelop ed  for th e u se o f  the synchrotron
light sources [136]. A  type o f  G M S D  device, H O T SA X S, is 
currently being  developed  for the sm all-angle scattering  
studies at the th ird-generation D iam on d Synchrotron Facil­
ity (U n ited  K ingdom ). A n oth er exam ple o f  gas-based  
detectors is the refined A D C  per input detector system  
(R A P ID ), developed  by the Central Laboratory o f  the 
R esearch C ouncils (C C L R C ), to  study dynam ic processes 
in b iological tissues using SA X S [136]. T his gas wire device  
allow s m onitoring m olecular changes on  a m icrosecond  
scale and is characterized by a high tim e resolution and low  
n o ise  levels. This type o f  detector has been  used  in synchro­
tron facilities such as SR S (D aresbury, U n ited  K ingdom ), 
the European Synchrotron R adiation Facility (G renoble, 
France), and Spring-8 (Japan). W ith the purpose o f  study­
ing real-tim e dynam ic processes, another type o f  detector  
has also been  d eveloped  based  on  silicon m icrostrip tech­
nology. T h e Xstrip device is fabricated from  thick silicon  
and contains an electron ic  chip called  the XCHIP. Its spe­
cial design allows h igh -speed  readout, and th e output signal 
from  the X C H IP  is then transferred to a PC -based data 
acquisition system  [137].
9. CONCLUSIONS
Sm all-angle X-ray scattering (S A X S ) is a useful technique  
for investigating nanostructural features o f  biological m ate­
rials. T his review  has shown that SA X S can be used  to  study 
various b iom olecu les, for exam ple collagen , keratin, lipid, 
m uscle, chrom atin, and cellu lose. A s w ell as biological 
m aterials, SA X S is a valuable technique for exam ining other  
m aterials areas such as m etals [138, 139], plastics [140], the 
pharm aceutical industry [141], and the food  industry [142], 
SA X S allow s the determ ination  o f  particle size, particle 
shape, and other nanostructural characteristics.
A dvances in com puter softw are design and developm ent 
have allow ed sim pler and m ore precise analysis o f  SA X S  
im ages. T h e  collection  o f  SA X S im ages has also been  m ade  
easier  by the recent growth in synchrotron radiation facili­
ties. T he add ition o f  synchrotrons such as th ose at ESRF, 
Spring 8, A P S , D iam on d, and Soleil, and lab-based devices 
such as N anoST A R s have m ade SA X S readily available to 
the entire scientific  com m unity.
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